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Abstract 
 The intentional re-introduction of Variola virus (VARV), the agents of smallpox, into 
the human population remains of concern today. Moreover, zoonotic infections with Cowpox 
(CPXV) and Monkeypox virus (MPXV) cause severe diseases in humans. Smallpox vaccines 
presently available can have severe adverse effects that are no longer acceptable. The efficacy 
and safety of new vaccines and antivirals have to be demonstrated by different animal models. 
The existing primate models, using VARV and MPXV, need very high viral doses that have 
to be applied intravenously to induce a lethal infection in macaque monkeys.  
 To overcome these drawbacks, the main objective of this study was to develop a 
primate model in which a smallpox-like disease could be induced by a CPXV virus 
designated calpox virus which was isolated from a lethal orthopox virus (OPV) outbreak in 
New World monkeys (marmosets).
 The new non-human primate model has three major advantages: 1. Working with 
calpox virus is less challenging and can be done under bio-safety-level two. 2. Mimicking the 
natural route of VARV infection, intranasally infected marmosets (Callithrix jacchus) 
reproducibly developed clinical symptoms of an OPV infection and died within two to three 
days after onset of the first symptoms. High viral loads of calpox virus were detected in 
blood, saliva and all analyzed organs. 3. Intranasal titration of the virus resulted in a 50 % 
monkey infectious dose (MID50) of 8.3x102 pfu, a lethal infectious dose 10,000 lower than 
those used in any other primate model. Moreover, we showed the aptitude of the primate 
model for the testing of new vaccines since nine to ten weeks after immunization with 
Vaccinia virus Lister-Elstree marmosets were completely protected against intranasal 
challenge with 10 MID50 of calpox virus. 
 As the calpox virus/marmoset model overcomes major limitations of current primate 
models it is suitable to evaluate new vaccines, new vaccination strategies and antiviral 
therapies.
Keywords: non-human primate model, intranasal infection, vaccination, Callithrix jacchus,
smallpox
Abstract in German 3
Abstract in German (Zusammenfassung) 
 Die vorsätzliche Freisetzung von Variola Virus (VARV) und schwere Erkrankungen des 
Menschen durch zoonotische Affen- (MPXV) und Kuh- (CPXV) pocken Viren stellen nach 
wie vor eine Bedrohung für die Bevölkerung dar. Klassische Pockenimpfstoffe bergen die 
Gefahr einer schweren Erkrankung. Deshalb ist die Entwicklung neuer Impfstoffe und 
Therapeutika von entscheidender Bedeutung. Deren Wirksamkeit und Sicherheit muss 
zunächst in verschiedenen Tiermodellen bewiesen werden. Existierende Makakken-
Primatenmodelle leiden unter sehr artifiziellen Bedingungen der letalen Krankheitsinduktion 
durch VARV oder MPXV.  
 Aus diesem Grund wurde das Calpox Virus/Krallenaffen-modell etabliert, welches auf 
einem CPXV aus natürlich infizierten Neuweltaffen (Marmosets) basiert.  
 Das neue Modell hat drei wesentliche Vorteile: Die Arbeit mit Calpox Virus kann unter 
Sicherheitsstufe 2 durchgeführt werden und ist folglich einfacher in der Handhabung. 2. Die 
intranasale (i.n.) Infektion von Marmosets (Krallenaffen; Callithrix jacchus) spiegelt den 
natürlichen Infektionsweg von VARV wieder. Infizierte Affen entwickelten Pocken ähnliche 
Symptome und verstarben innerhalb von 2-3 Tagen nach Auftreten erster Symptome. Hohe 
Viruslasten wurden im Blut, Speichel und allen untersuchten Organen nachgewiesen. 3. Die 
i.n. Titration des Calpox Virus ergab eine 50 % Affen-Infektions-Dosis (MID50) von 8.3x102
pfu. Diese ist um den Faktor 10000 niedriger als in anderen Pocken-Primatenmodellen. Neun 
bis zehn Wochen nach einer Immunisierung mit dem Lister-Elstree Impfstoff waren alle 
Krallenaffen gegen eine letale Dosis des Calpox Virus (10 MID50) geschützt. Damit konnte 
der Nutzen des Calpox Virus/Krallenaffen-modells für die Erforschung neuer Impfstoffe 
gezeigt werden.  
 Das Calpox Virus/Krallenaffen-modell überwindet wesentliche Nachteile bestehender 
Primatenmodelle und ist somit ein geeignetes Model für die Evaluierung von neuen 
Impfstoffen, Impfstrategien und antiviralen Therapien.  
Schlagwörter: Primatenmodell, intranasale Infektion, Immunisierung, Krallenaffen, humane 
Pocken
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1 Introduction 
This chapter reviews current literature on orthopox virus (OPV) infections, their clinical and 
biological features and the development of new therapeutics highlighting the need and the 
possible significance of the development of a new non-human primate (NHP) model for 
Variola virus (VARV) infections.
 Following an historical overview of smallpox and its eradication, a description of the 
virus, its transmission, general clinical features and pathogenesis of the disease will provide 
the necessary OPV-related background knowledge. The growing concern about zoonotic OPV 
infections and the implications of the lack of licensed vaccines and antiviral agents are 
outlined. A short overview of current animal models used in OPV research is pointing out 
their limitations regarding their application in evaluating new vaccines and therapeutic agents. 
Since common marmosets as well as the calpox virus are the basis of the primate model 
developed here, the final sections of the introduction will give a concise overview of the 
history of calpox virus and the biology of the common marmoset.  
1.1 Historical overview – past and present of orthopox virus infections 
1.1.1 Smallpox and its eradication 
 Smallpox, caused by infection with VARV, has once been a human disease prevalent 
throughout the world. One variety, VARV major, resulted in case-fatality rates between 5 % 
and 40 % whereas VARV minor, the second variety of smallpox, produces less severe illness 
and was associated with case-fatality rates between 1 % and 2 %. Without an animal 
reservoir, the VARV spread continuously and exclusively between humans. Early methods of 
protection against naturally acquired smallpox infections were practiced in India and Asia as 
early as A.D. 1000 [1]. It became common practice to inoculate scabs or pustular material 
from smallpox patients by nasal insufflation or by scarification into the skin. In 1796, Edward 
Jenner first demonstrated that material from a human pustular lesion caused by cowpox virus 
(CPXV) provided a protection against smallpox if inoculated into the skin of another person 
[2]. He called the material vaccine, from the Latin word vacca (cow) and the process 
vaccination. Later, vaccination was performed by transmission of the vaccine between 
individuals also accidentally transmitting other diseases. Therefore, the development to grow 
the virus on calf skin offered an adequate but safer supply of vaccine material [3]. In the late 
1940’s, a commercial process for large-scale production of stable freeze-dried vaccine was 
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established [4]. In 1950, the Pan American Sanitary Organization decided to implement an 
eradication program and, by 1967, succeeded in eliminating smallpox in almost all countries 
of the Americas except for Brazil, Argentina, Colombia and Ecuador. In 1959 the World 
Health organization (WHO) initiated a global eradication program. By October 1977, the last 
naturally occurring case of smallpox was reported, and the World Health Organization 
certified the eradication of smallpox on May 8, 1980 [5].  
 Many different strains of Vaccinia virus (VACV) have been used for vaccination in the 
last two centuries, but little is know about their origins or history of serial passage. Jenner 
assumed to have used CPXV for vaccination, but VACV strains that have been used later on 
are phylogenetically clearly different from CPXV. Genome analyses of the different VACV 
strains show that they are similar to each other but distinct from other OPVs including CPXV 
or VARV. Thus the origin of the present VACV strains remains unclear. For the eradication 
of smallpox by the WHO program different VACV strains were used: the Lister-Elstree strain 
(Lister Institute, Elstree, England; propagated by the National Public Health Institute, 
Netherlands), the New York City Board of Health strain (NYCBH) (propagated by Wyeth 
Laboratories, USA) [3], the Temple of Heaven strain (used in Asia) and the EM-63 strain 
(used in Russia). Application was performed by scarification, jet injectors or by multi-
puncture vaccination with a bifurcated needle (figure 4). Serious side effects of vaccination 
were eczema vaccinatum, progressive vaccinia, generalized vaccinia, postvaccinal 
encephalopathy and encephalitis.  
1.1.2 The potential threat of bioterrorism and zoonotic events  
 Soon after smallpox was officially eradicated in 1980, general vaccinations with VACV 
were discontinued worldwide to avoid the severe side effects. In the USA routine population-
wide smallpox vaccinations were already abolished in 1971 [6] and discontinued for health-
care workers in 1976 [7]. In Europe routine smallpox vaccination ended between 1976 and 
1984 (Germany: in the BRD in 1976 and in the GDR in 1980) [8]. The production and 
licensing of the “old” vaccines was discontinued in the late 80’s, but new vaccines like the 
ACAM2000 (licensed in August 2007 by the FDA, USA) [9] or VACV LE-BD (Lister-
Elstree strain produced by Bavarian Nordic, Martinsried, Germany) [10] are available today. 
However, their use is mainly intended to protect military personnel and that of selected 
laboratories working with OPVs. 
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 Although naturally occurring smallpox was declared eradicated it was recommended to 
destroy VARV in the laboratories worldwide and to transfer the virus stocks to one of two 
WHO reference laboratories: the CDC in Atlanta, USA, and the Vector Institute in 
Novosibirsk, Russia. Experiments with whole VARV or parts of it are since that time 
controlled by an expert committee of the WHO. Nevertheless, the re-introduction of VARV 
into the human population by a bioterroristic attack is one of the greatest threats 
[11,12,13,14]. The use of VARV as a biological weapon in bioterrorist attacks is of concern 
as the virus is easily transmitted from person to person and because of its high mortality and 
the low or non-existent smallpox immunity in the majority of the human population [15]. 
Therefore, smallpox is included in the A category of the CDC’s list of potential biological 
weapons (for details see [16]). 
 In addition to the possible intentional release of smallpox, over recent years an 
increasing zoonotic potential of OPVs was observed as both, CPXV [17] and Monkeypox 
virus (MPXV), were found to cross the species barrier [18,19,20]. These human zoonotic 
OPV infections are rare but at the same time encountered with increasing frequency outside 
their usual geographical range. Outbreaks of human MPXV have been reported from Central 
and Western Africa since the 1970s [21,22,23,24,25], but unexpectedly an MPXV outbreak 
took place in the U.S. in 2003, where most cases had acquired MPXV from infected prairie 
dogs (Cynomys spp.) [26]. Investigations identified imported African rodents as the original 
source of infection. In contrast, CPXV is limited to Europe and Asia with a wide host range 
including humans [27,28]. CPXV is endemic to wild rodents, with bank voles (Myodes 
glareolus) and wood mice (Apodemus sylvaticus) as the main reservoirs [29] and sporadic 
occurrences in rats (Rattus norvegicus) [30,31]. The domestic cat, in the meantime recognized 
as a common host of CPXV, is responsible for the majority of human CPXV infections 
[32,33]. In addition, CPXV has been isolated from a variety of zoo animals [34]. Increasing 
worldwide travel and importation of exotic animal species continue to increase the risk of 
OPV infections outside endemic areas. The majorities of these infections, particularly CPXV 
infections, have a mild course and are often self-limiting with low morbidity. However, 
immunosuppressed individuals are at risk because a variety of severe complications can 
develop, including widespread dissemination and death [33,35,36]. On the other hand, an 
MPXV infection is associated with a significant morbidity and childhood mortality in 
immunocompetent infected individuals [37].   
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1.2 Orthopox virus diseases 
1.2.1 Virus transmission 
 An infection with VARV is established via the respiratory tract, by inoculation through 
the skin, or rarely via the conjunctiva [38] or the placenta, respectively. The respiratory route 
is the main route of transmission of VARV. Infected patients exhale virus-containing droplets 
from the oral, nasal or pharyngeal mucosa which are then inhaled by persons in close contact 
to the patients. A transmission is possible from the onset of symptoms and is frequent during 
the first week after the appearance of the exanthema when the titer in oropharyngeal 
secretions reaches up to 105 pfu/ml [39]. VARV is also present in high titers in scabs that had 
separated from the skin lesions [40], but epidemiological studies have shown that scabs play a 
negligible role in virus transmission. In very rare cases infection via the conjunctiva had been 
described [41]. In pregnant women VARV major infections are always more severe with 
abortion or stillbirth than in non-pregnant women or men [42]. The fetus is presumably 
infected by the growth of virus in the placenta which is infected during the second viremic 
phase [43]. There is no evidence that infection has ever occurred via the alimentary tract or 
that arthropods of any kind were involved. 
 In comparison to smallpox, human MPXV infections are not well understood, but it 
seems likely that infections usually occur through contact with infected wild animals 
including NHPs. The rate of transmission from person to person is getting higher (73 %) [44] 
than previously reported (30 %) [25]. Transmission chains beyond secondary infection have 
been rare [45,46] but may occur [21,47]. Therefore, it is unlikely that MPXV infections could 
persist in a human population without repeated re-introduction of the virus from the main 
reservoir [48]. 
 CPXV infections are usually acquired through skin lesions resulting in a local self-
limiting infection at the site of inoculation. Skin lesions develop most commonly on fingers 
and hands. Infection of the face is usually caused by virus-transfer from skin lesions on hands 
and fingers. A generalized infection with severe symptoms, resulting in hospitalization or 
even death, can occur in persons with atopic dermatitis or immunodeficient persons [35,49]. 
1.2.2 Clinical symptoms 
 The most common clinical form produced by both VARV major and minor is the 
ordinary type (figure 1A). According to the severity of the rash on the face and upper limbs, 
ordinary smallpox is subdivided into the confluent subtype (confluent rash on face and 
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forearms), the semi-confluent subtype (confluent rash on face and discrete rash elsewhere) 
and the discrete subtype (areas of normal skin between the pustules).  
 Three other clinical types of smallpox are recognized and classified as follows: 
(i)  modified type which covers the great majority of cases of VARV major, is usually 
nonfatal and the rash evolves quickly with more variation in lesion size than in 
discrete ordinary smallpox  
(ii) flat type which is similar to the ordinary type but with an accelerated course in 
which confluent or semi-confluent pustules remain flat and soft and 
nonsuppurative
(iii) hemorrhagic type with widespread hemorrhages in skin and mucous membranes  
 For the hemorrhagic type (iii) two subtypes are distinguished: early type with purpuric 
rash, and the late type with hemorrhages into the base of pustules. The flat type (ii) and the 
hemorrhagic type (iii) of VARV major are usually fatal [42]. 
 The average incubation period for smallpox is 12 days, ranging from 7 to 17 days. A 
two- to five-day period of high fever, malaise, prostration, headache and backache is followed 
by the development of a maculopapular rash. The rash appears first on the mucosa of the 
mouth and pharynx, the face and the forearms and spreads to the trunk and legs. Lesions 
appear occasionally on the palms and soles. The rash becomes vesicular and then pustular 
within one to two days. The pustules are characteristically round, tense and deeply embedded 
in the dermis. Crusts begin to form on day eight or nine and leave a pigment-free skin when 
they fall off. In lethal infections death occurs late in the first week or in the second week of 
illness and is commonly due to the effects of an overwhelming viremia. The severe and fatal 
hemorrhagic form (94-96 % mortality) [42] occurs with extensive bleeding into the skin and 
gastrointestinal tract, followed by death within a few days. Illness caused by VARV major is 
generally more severe, with a more extensive rash, a higher fever and a greater degree of 
prostration than illness caused by VARV minor. 
 For MPXV the average incubation period is 12 days, ranging from 7 to 21 days. The 
onset of fever occurs around day six after infection. The rash appears after approximately 
seven days after the onset of fever. The obvious clinical feature that differentiates human 
MPXV from smallpox is the pronounced lymphadenopathy seen in most cases of MPXV. 
Lymphadenopathy is sometimes found only in the neck or inguinal region, but more often a 
generalized lymphadenopathy is observed already at the onset of fever, but usually one to 
three days before the rash [50,51]. The eruption begins after a prodromal illness that lasts one 
to three days with fever, prostration and lymphadenopathy. Similar to smallpox, the lesions 
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develop more or less simultaneously (figure 1B) and evolve together at the same rate through 
the stages papules, vesicles and pustules [52]. Pustules usually measure about 0.5 cm in 
diameter, but sometimes may be up to 1 cm in diameter. Confluent lesions that are distributed 
over the body similar to flat-type or hemorrhagic-type smallpox have not been reported 
[37,53]. The generalized distribution of rash has been reported for most cases in African 
outbreaks [53], but peripheral distribution of the rash has also been found [37]. Rash usually 
lasts two to three weeks after onset. Especially in smallpox-vaccinated persons, MPXV 
infection has been observed to have a mild course. The case-fatality rate of MPXV infection 
among non-vaccinated patients ranged between 0 % in the outbreak in 2003 in the USA [54] 
and 1-5 % (1997 outbreak) [23,24] and 10-17 % (1970-1986 outbreaks) [25,48], depending on 
the origin of the virus strain and the route of infection [54,55,56].  
Figure 1: Typical OPV infections caused by A) Variola virus (VARV) major (ordinary-type smallpox) [57], B)
Monkeypox virus (MPXV) [58], C) Cowpox virus (CPXV) (infection of the eyelid) and D) CPXV (infection of 
a patient with atopic dermatitis) [31]; D: [59] 
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The clinical manifestations of CPXV infections vary. The typical lesion begins as an inflamed 
macula, and over a period of seven to 12 days it passes through papular and vesicular stages. 
The vesicle becomes pale blue to purple and increasingly hemorrhagic and begins to ulcerate 
and becomes incrusted by the end of the second week [60,61]. The lesions can measure 1-3 
cm in diameter and the degree of inflammation varies. The lesions are usually extremely pain-
ful and local lymphadenopathy occurs, which is often marked and prolonged. Most patients 
report systemic symptoms like fever, malaise, lethargy and occasionally vomiting and sore 
throat that can last for three to ten days. The time until complete recovery can take ten to 12 
weeks or longer. In some cases ocular infections with the involvement of conjunctiva and 
cornea have been reported [36,62] (figure 1C). Besides localized CPXV infections, more seri-
ous generalized infections have been reported. Atopic eczema, dermatitis, allergic asthma or 
immunosuppression are generally associated with severe or lethal progression (figure 1D) 
[35,36,59].
1.2.3 Pathogenesis
 After inhalation of VARV, the first targets of infection are the mucosal membranes of 
the mouth, the nasal cavity, the oropharynx or the alveoli of the lungs. Virus migration to 
regional lymph nodes via the lymph system and subsequent multiplication of the virus results 
in a first asymptomatic viremia between day five and six of infection [63]. The first viremia is 
followed by an extensive propagation of the virus in lymphoid organs like spleen, bone 
marrow and lymph nodes. With virus entry into the bloodstream, a secondary viremia 
commences around the day eight of infection, leading to a complete dissemination of the virus 
through the body including the blood vessels of the dermis of the oral and pharyngeal mucosa. 
The second viremia is accompanied by fever and extensive cytokine secretion ("cytokine 
storm”). Mostly because of the infected macrophages, VARV migrate from the small vessels 
in the dermis into the epidermis where edema, ballooning degeneration and splitting of the 
epidermis occur and lead to the classical ‘pox’ lesion. In the skin, the characteristic 
maculopapular lesions and later the vesicular and pustular lesions appear between days ten 
and 14 after infection. Histological analyses reveal numerous Guarnieri bodies and extensive 
necrosis in the epithelial cells of affected skin tissue. Lesions in the mouth and pharynx 
ulcerate quickly because of the absence of the stratum corneum and release large amounts of 
virus into the saliva even before a cutaneous rash becomes visible [39]. Virus titers in saliva 
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were found to be highest during the first week of illness [64], and in fatal cases virus is shed 
until death. In addition to saliva, in some cases virus has also been detected in urine.  
 Pathological evidence of viral replication was also found in the pharynx, larynx, tongue, 
the upper part of the trachea and esophagus (in descending frequency). Lesions in the bronchi 
and in intestines were rare, except for some cases of hemorrhagic-type smallpox [65]. Other 
organs were rarely involved in VARV infection, but reports exist of hyperplasia of bone 
marrow and spleen. Endothelial cells of the liver and testis were often found to be swollen and 
occasionally necrotic. Death probably resulted from the massive secretion of cytokines 
associated with circulating immune complexes and soluble VARV antigens [66] as well as 
overwhelming virus replication in the organs, all leading to multiple organ failure. 
1.3 Orthopox viruses within the Poxviridae family 
 The OPV genus within the subfamily Chordopoxviridae, which belongs to the 
Poxviridae family, is very homogenous. The individual viruses are primarily named based on 
the host from which they were isolated. The most important indicators for characterization are 
the host range, pock morphology and ceiling temperature on the chorioallantoic membrane. 
Different virus species with a wide host range along with virus species restricted to a single 
host belong to the OPV genus. Table 1 lists the names, the host range and the geographical 
distribution of naturally occurring OPV species [67]. All nine species show extensive 
serological cross-reactivity. The most important pathogen among the OPVs is the VARV, the 
causative agent of smallpox, which only infects humans. Other OPVs with a narrow host 
tropism are the Camelpox virus (CLMV) and Ectromelia virus (ECTV), infecting camels or 
mice, respectively. Both viruses are apathogenic for humans. Although CLMV was described 
as “extremely closely related” (genetically) to VARV [68], it behaves differently in cell 
culture [69]. In contrast, VACV and CPXV have a broad host range and are able to infect 
humans, cattle, cats and rodents. Many strains of both VACV and CPXV with different 
biological properties were described. However, VACV and CPXV are phylogenetically 
distinct [70]. MPXV, first isolated from a cynomolgus monkey in 1958, is able to infect 
primates in general, but zoonotic events of human MPXV infections have also been observed. 
Today rodents are regarded to be the natural reservoir of MPXV [71]. Other known OPV 
species are Raccoonpox virus (RCNV) infecting the North American raccoons, the Taterapox 
virus (GBLV) found in the African gerbil and Volepox virus (VPXV) infecting the California 






































































































































































































































































































































































































































































































































































































































































































1.4 Virus structure  
 OPVs are enveloped viruses with a maximum of 350 nm in length and 260 nm in 
diameter. The morphology of the virion is generally brick-shaped and sometimes 
pleomorphic. Embedded into the surface membrane is a lipoprotein displaying irregular 
tubules, which consists of small globular subunits (10–40 nm) (figures 2B and D) [72]. The 
surface membrane encloses a biconcave core with the genomic DNA and proteins organized 
in a nucleoprotein complex (figure 2A). One or two lateral bodies appear to be present in the 
concave region between the core membrane and the surface membrane (figure 2D). During 
VACV infection four different types of virions are produced by each infected cell: 
intracellular mature virus (IMV), intracellular enveloped virus (IEV), cell-associated 
enveloped virus (CEV) and extracellular enveloped virus (EEV). These virus particles have 
different morphology, containing different proteins and different numbers of membrane 
layers.
 Additionally, acidophilic-type inclusion bodies (ATI), or A-type inclusion bodies can be 
found in the cytoplasm of CPXV or ECTV infected cells [73]. B-type inclusion bodies or 
Guarnieri bodies, are observed in infected epithelial cells which represent the site of 
replication, including the aggregation of virus particles during infection (figure 2C).  
1.5 Virus genome 
 The OPV genome consists of one large single linear and complex dsDNA molecule of 
between 165 kb (VACV MVA 1721) and 220 kb (CPXV Germany 91-3) [74] encoding over 
250 genes (VACV). All OPV genomes have inverted terminal repetitions (ITRs) at the two 
ends of the genome [75]. The ITRs are variable in length and consist of an A+T-rich, 
incompletely base-paired hairpin loop that connects the two DNA strands. In addition, ITRs 
have a highly conserved region of less than 100 bp that is required for the processing of 
replicating concatemeric forms of DNA [76,77,78]. The members of the OPV genus have 
about 100 open reading frames (ORFs) in common. The ORFs that are involved in essential 
functions like transcription, translation and replication are conserved and located in the center 
of the genome. They are found in sets and in a conserved order and do not usually overlap. 
The ORFs coding for genes involved in less essential functions are variable and located 
towards the outer regions of the genome. mRNAs of OPVs are not spliced.  
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Figure 2: Virion morphology of OPVs by electron microscopy (A-C) and drawing (D); A) VARV with 
biconcave core formation, ultrathin sectioning; B) VACV with irregularly arranged surface tubules, negative 
staining; C) area of a viral factory with different stages of immature VACV during assembly, ultrathin 
sectioning (all kindly provided by H.R. Gelderblom, RKI, Berlin); D) drawing of an EEV particle [79] 
1.6 Virus life cycle  
 OPVs code for their own mRNA and DNA synthetic machinery and bring their own 
viral enzymes that are essential for early virus transcription. They are thus able to replicate in 
the cytoplasm of infected cells. 
1.6.1 Virus entry and uncoating 
 IMVs are generally thought to enter cells by fusion with the plasma membrane or 
vesicles formed by surface invaginations [80,81,82,83,84,85,86]. In contrast, the knowledge 
on EEV entry is limited. Evidence that IMV and EEV have different binding sites includes 
the efficiency with which the two virus types bind to different cell lines [87]. Cell attachment 
of EEVs involves different proteins or attachment occurs via heparin sulfate [83,88,89]. Some 
data suggest that EEVs enter cells by endocytosis followed by low pH disruption of the EEV 
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outer membrane and fusion of the released IMV with endosomal membranes [90,91]. Another 
mediator for the binding of the virus is chondroitin sulfate which binds to the virus envelope 
protein D8L [92]. Some OPVs can infect a variety of cells, leading to the assumption that 
they use either many cellular receptors or one that is ubiquitous. So far, no specific cellular 
receptor has been identified for any of the OPVs. 
1.6.2 Virus gene expression 
 Viral gene transcription is divided into three phases: early, intermediate and late 
transcription. The transcription occurs in the cytoplasm of the host cell. OPVs providing an 
autarkic mechanism for the initial synthesis of their own mRNAs: a complete early 
transcription system is packaged within the core of an infectious poxvirus particle, and viral 
mRNAs do not need to undergo splicing processes. The early mRNAs encode enzymes and 
factors necessary for host interactions, viral DNA synthesis and transcription of the 
intermediate class of genes [93]. The early transcription takes place already inside the mature 
virion. OPV mRNAs are capped, methylated and polyadenylated like most eukaryotic 
mRNAs [94]. 
 Following early transcription, the intermediate genes are expressed. They encode 
transcriptional transactivators for late gene expression. 
 The transcription of late genes follows that of intermediate genes. During this time high 
levels of late proteins accumulate in the infected cell including structural viral proteins and 
enzymes that are packaged in the progeny virions.
1.6.3 DNA replication 
 DNA replication takes place in the cytoplasm in discrete foci of replication, termed 
virus factory areas or Guarnieri bodies (figure 2C). For VACV, DNA replication results in the 
generation of about 10,000 genome copies per cell, half of which are ultimately packaged into 
virions [95]. Because of the absence of a defined replication origin, a self-priming replication 
model is proposed. DNA replication begins with the introduction of a nick close to one or 
both of the hairpin termini, providing a free 3’-end for priming. If the replication is initiated at 
only one end, the polymerase continues to the other end to generate a concatemer or even 
very large branched concatemers. If initiation occurs on both ends, replication takes place 
without concatemer formation [96]. The onset of late transcription is essential for the 
resolution of concatemers and the generation of unit-length genomes [97].
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1.6.4 Virion assembly, maturation and release 
 The virus assembly and morphogenesis occur together with the transcription of late 
genes and genome replication in viral factories [98]. It is assumed that vesicles bud from 
cellular organelles and then coalesce to form the viral membrane [99]. In subsequent stages of 
development the crescent membranes are transformed into spherical immature virions (IV) 
(figure 2C) with a dense nucleoprotein mass already containing the viral genome. Maturation 
to infectious particles (intracellular mature virus, IMV) occurs by condensation of the virus 
core and by proteolytic processing of the major structural proteins [100] which enter the 
immature envelopes just before they are completely sealed [101]. IMVs remain within the cell 
or are released after cell lysis. The movement of IMVs out of the assembly area into the cell 
periphery is microtubule dependent [102]. IMVs acquire additional membranes, derived from 
the trans-Golgi or early endosomal network [103,104] to form the intracellular enveloped 
viruses (IEVs) that are then transported to the cell surface and exported by exocytosis [105], 
losing the outermost Golgi-derived membrane (CEV and EEV). Only some of the 
externalized virions are found in the medium of infected cultures as free EEVs that are 
important for long-range dissemination of the virus [106], whereas CEVs remain attached at 
the cell surface and mediate efficient cell-to-cell spread.  
1.7 Immune response 
1.7.1 Humoral immune response 
 Both humoral and cellular immunity play an important role in the response to an OPV. 
During infection, neutralizing antibodies directed against enveloped and non-enveloped 
virions are generated. They can be detected around day six of illness (about 18 days after 
infection) in non-hemorrhagic smallpox with increasing titers over the course of the disease 
[66,107]. In hemorrhagic-type smallpox patients a delayed, reduced or even failing antibody 
response was found [63]. 
 Vaccination with VACV induces an antibody response that is developing much faster 
than after natural VARV infection. Antibodies can be detected as early as ten days after 
primary vaccination and within four to seven days after re-vaccination [108]. The prompt 
immunologic reaction to the re-vaccination also results in an increase in titers of neutralizing 
antibodies.  
 Neutralizing antibodies against OPV are directed against different forms of viral 
particles (IMV as well as EEV virions) [109,110,111,112] and gene products [113,114]. 
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Studies have shown that antibodies against EEV particles cause the aggregation of EEV 
particles on the cell surface [115] and immunological protection is provided by preventing the 
release rather than by neutralization [116] of the EEV particles. 
 Animal studies suggested that neutralizing antibodies are essential and sufficient for an 
immunological protection [117]. Depending on the antigenic relationship, antibodies against 
specific OPVs were found to have a wide cross-reactivity among the whole virus genus. 
1.7.2 Cell-mediated immunity and virus immune evasion 
 Invading OPVs alter the host cell in several ways to make it an ideal environment for 
virus survival and replication. Interactions of the virus with their host occur by (i) the 
inhibition of host macromolecular synthesis, which is poorly understood, and (ii) the defense 
against host antiviral mechanisms.  
 A whole array of viral defense proteins is expressed by OPVs to modulate and combat 
the host’s antiviral response. These proteins are capable of preventing apoptosis, capturing 
chemokines and counteracting the complement system; they interfere with the interferon 
response, intercept interleukins and induce the synthesis of steroids [118,119,120,121,122]. 
Interestingly, these immunomodulatory proteins do not seem to be generally shared across all 
OPVs, on the contrary, each virus species or even strain encodes its own unique combination 
of proteins. Deletion of some genes results in an attenuated or altered disease [123]. 
 Nevertheless, intensive early inflammatory response by the host is thought to 
inadvertently damage the host to such a degree that it causes illness and even death after 
infection [124].
1.8 Animal models – why is there a need for a new primate model? 
 On the background of (i) the threat by bioterrorism, (ii) zoonotic OPV infections and 
(iii) a decreasing immunity among the population, more research into therapeutic agents for 
the prevention and treatment of OPV infections is required [125]. Vaccination during the very 
first days after exposure to VARV might still have a protective effect. But still there remains a 
period of seven to ten days before antibodies can be detected. In primate and mouse models a 
protection against an OPV infection is not observed before the development of antibodies 
[126,127]. Antiviral therapies can fill this gap and complement vaccination by reducing viral 
titers regardless of immune status. To date, only cidofovir, a nucleoside analog which has 
been used for the treatment of Cytomegalovirus infections, is approved for the treatment of 
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OPV infections [128]. The orally deliverable compound ST-246, currently in the FDA 
approval procedure, is a specific inhibitor of EEV formation and resulted in 100 % protection 
against a lethal infection of different OPVs [129,130,131,132] in different animal models. At 
present ST-246 has the status of an orphan drug and was recently used very efficiently in the 
treatment of a 2-year-old child with a severe eczema vaccinatum [133]. Numerous other 
compounds showed anti-OPV activity in cell culture or in animal models 
[134,135,136,137,138,139,140,141,142]. New approaches for antiviral therapy like passive 
immunotherapy with anti-VACV immune serum [143], siRNAs against potential OPV targets 
[144] or the use of DNA aptamers with antiviral activity [145] are under development. New 
and safer vaccines like DNA vaccines are also under development [146]. New-generation 
vaccines using attenuated VACV with specific and defined deletions grown in tissue culture 
have shown promising immunogenicity in initial studies [147,148,149,150,151,152].   
 However, efficacy and safety of new vaccines and antiviral agents have to be shown in 
clinical trails. In case human trials are considered to be unethical, the Food and Drug 
Administration (FDA) demands studies in at least two different animal models for approval of 
the drug. So far, there are six different animal models for OPV infections.  
 The ECTV/mouse model (different mice strains, e.g. BALB/c or DBA/2) is the most 
common animal model for studying the pathogenesis of OPVs and their interactions with the 
host’s immune system. ECTV can be applied via intradermal (i.d.) or intranasal route (i.n.). In 
both cases a low infectious dose of one to ten pfu is sufficient to induce a systemic disease 
and death [153,154]. The VACV/mouse model as well as the CPXV/mouse model (using 
BALB/c mice) are used to measure the efficacy of vaccines and antiviral components. Routes 
of infection are i.d., i.n., intravenous (i.v.) and intracranial (i.c.) [155,156,157]. Lethal 
infection requires high virus doses between 104-106 pfu. Development of skin lesions as well 
as systemic disease depends on the inoculation route and the dose [158]. Another model is the 
infection of rabbits with rabbitpox virus. As little as 15 pfu applied by i.d. inoculation (into 
the footpad) or i.n. inoculation are sufficient to induce a systemic and lethal infection with the 
development of rash [159].
 The closest animal model for the study of human disease as well as for the testing of 
vaccines and antiviral compounds are NHP which are relatively closely related to humans 
[158]. So far, there are two well-established NHP models: MPXV infection of cynomolgus 
macaques (Macaca fascicularis) [160] and rhesus macaques (Macaca mulatta) as well as 
VARV infection of cynomolgus macaques [161]. Both models have major limitations: a very 
high infectious dose has to be administered, using mostly i.v. inoculation to induce a severe 
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disease. For the VARV/cynomolgus macaques model at least 108 pfu by i.v. application are 
required to cause smallpox symptoms [161] and a mortality of at least 33 %. For the 
MPXV/rhesus macaques model different inoculation routes like i.v., i.n., subcutaneous (s.c.) 
and intratracheally (i.t.) application are described. But these routes of infection also require 
high viral doses of 107-106 pfu to induce severe symptoms. Infections with lower doses than 
106 pfu result in a milder course of disease, and most animals survive [126,160,162,163,164]. 
Additionally, working with MPXV and VARV is technically challenging, as it requires BSL 3 
or BLS 4 laboratories, respectively. Additionally, macaque monkeys are relatively big and 
expensive compared to other animal models.  
 Therefore, the development of a new NHP model in which infections with OPVs other 
than VARV and MPXV induce a disease comparable to human smallpox is highly 
recommended. In addition, it would be very helpful if the infection occurred with a low virus 
dose via a more natural application route to mimic naturally acquired smallpox infection.  
1.9 Lethal orthopox virus outbreak in New-World monkeys and calpox 
virus isolation 
 In 2002 an lethal atypical epizootic poxvirus infection was observed in a colony of 80 
New-World monkeys in Lower Saxony, Germany [165]. A group of Callithrix jacchus, C. 
penicillata, C. geoffroyi, C. Saimiri sciureus, Callimico goeldii and various tamarin species 
were affected. Macroscopic examination and necropsies revealed typical OPV symptoms with 
erosive-ulcerative lesions of the oral mucous membranes and typical hemorrhagic skin lesions 
distributed randomly over the body. Other observations were mild-to-moderate edema and 
severe lymphadenopathy of the mandibular and axillary regions.  
 Electron microscopy revealed virus particles with OPV-like morphology within 
intracytoplasmatic inclusions. Using two OPV-specific quantitative real-time PCR assays 
targeting the OPV genes crmB (tumor necrosis factor receptor II homologue) and A13L (IMV 
membrane-associated protein), approximately 107 OPV genomes per 105 cells were detected 
in different tissues of all animals, concomitantly excluding VARV. A conventional PCR, 
targeting the HA gene (hemagglutinin glycoprotein, that forms part of the extracellular virus 
outer envelope), also led to positive results. The crmB and HA PCR products from liver and 
spleen were sequenced and identical sequences were found in all animals, indicating that they 
had been infected with the same virus.  
 Virus was isolated in Vero E6 cells from skin tissue of infected animals. Cell cultures 
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showed a cytopathogenic effect already one day after infection. Transfer of the supernatant to 
new cells again resulted in cytopathogenic effects, indicating a reproductive replication of 
virus in cell culture. The virus was grown for 3 passages on Hep2 cells to achieve a higher 
virus titer and stored in aliquots at -70 °C. The newly isolated OPV was named calpox virus 
according to its host Callithrix jacchus. Calpox virus was characterized by specific real-time 
PCRs [166], electron microscopy, partial genome sequencing and immunofluorescence assays 
using human anti-VACV immunoglobulin. 
 Moreover, complete nucleotide sequences of the crmB and HA genes were translated 
into amino acids and phylogenetic analyses were performed, as these genes are known to have 
important functions. The deduced protein sequences were aligned with published OPV 
sequences. A phylogenetic tree was constructed using the Protdist and Neighbor softwares 
from the Phylip program package [167] to elucidate the genetic relationship of the calpox 
virus to other species of the genus OPV (figure 3). The trees showed that VARV, VACV, 
MPXV, CLMV and ECTV sequences (ECTV only in the HA tree since this virus has a large 
deletion in the crmB region) separated into distinct individual clusters. But CPXV sequences 
generated at least three or four well-separated clusters, almost all supported by high bootstrap 
values [168] (figure 3). The calpox virus was found to be most closely to CPXV, although the 
phylogenetic grouping to CPXV strains varied depending on the sequence used for analysis 
(Ellerbrok et al, unpublished). Since most of the CPXV HA and crmB sequences represent 
individual genebank entries it was not evident sequence might originate from an individual 
CPXV isolate, therefore making it difficult to compare the CPXV clusters for the HA tree and 
the crmB tree. Thus, HA and crmB sequences from CPXV strains Bighton Red (BR) and 
GRI-90, the only two complete CPXV genome sequences available, were used for orientation. 
While calpox virus HA clustered with CPXV BR (figure 3A), calpox virus crmB was much 
closer to CPXV GRI-90 (figure 3B). Therefore, the ancestor of the calpox virus remains 
unclear until more sequence data is available (work in progress).   
 However, phylogenetic analyzes revealed that calpox virus is related to, but distinct 
from, known CPXV. Results also indicate that the “CPXV group” is extremely heterogeneous 
and thus the calpox virus could be considered as a new CPXV strain. 
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Figure 3: Unrooted phylogenetic tree of the calpox virus and other OPVs based on A) hemagglutinin (HA) 
amino acid sequences and B) tumor necrosis factor receptor II homolog (crmB) amino acid sequences. The 
deduced amino acid sequence for HA and for crmB were aligned with published sequences. Phylogenetic trees 
were constructed with the Neighbor Joining method. Bootstrap values (1000 bootstraps) for the major branching 
points are given in percent. Sequences are identified with their accession numbers and the different clusters are 
indicated. The calpox virus is boxed and indicated by arrow and CPXV isolates Brighton Red and GRI-90 are 
labeled with one and two stars, respectively. HA and crmB sequences most likely originating from an individual 
virus isolate are indicated with identical symbols in figures A and B (Ellerbrok et al., unpublished). GBLV: 
Taterapox virus; CLMV: Camelpox virus; CPXV: Cowpox virus; ECTV: Ectromelia virus; MPXV: Monkeypox 
virus; VACV: Vaccinia virus; VARV: Variola virus 
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1.10 The common marmoset – Callithrix jacchus
 The common marmoset is the smallest NHP used in bio-medical research. It is a well-
established animal model for cardiac arrhythmia [169], stroke [170], Parkinson’s disease 
[171,172], multiple sclerosis [173,174], infectious diseases [175,176,177] as well as for 
immuno-toxicological studies [178]. These New-World monkeys are members of the family 
Callitrichidae genus Callithrix. The species classification is “jacchus” [179]. Other names 
were “true marmoset” or “white-tufted-ear marmoset”. The trapping of marmosets from the 
wild is illegal, and animals used in research are bred in captivity. Common marmosets are 
small-bodied monkeys that are colored brown, grey, and yellow with white ear tufts and long, 
banded tails [180]. Males and females are about the same size (16 to 21 cm) and weight (300 
to 350 g) [180]. Members of the genus Callithrix have some characteristics that are unique to 
this group and necessary for their diet and arboreal lifestyle. On all but the hallux (big toe), 
they have claw-like nails instead of the characteristic flat nails (of other primates, including 
humans) [181]. Common marmosets originate from Brazil. They are an adaptable species 
with high fecundity and a complex behavioral repertoire. In the wild they are found in small 
groups or in family organizations with well-defined territories [180]. Their social structure is 
very flexible; while depending on the group, different pairing systems are reported [182]. 
Furthermore, they have a tendency to give birth to non-identical twins which is unusual for 
primates [183]. Inbreeding is usually not a problem because subordinate sexually mature 
females within the family group do not ovulate [184]. The average lifespan of a wild common 
marmoset is 12 years [180]. They are exudativore-insectivores and feed on plant exudates. 
They utilize gum, sap, latex and resin much more than other species [183,185,186]. Other 
important food sources for common marmosets are insects, fruits, seeds, flowers, fungi, 
nectar, snails, lizards, tree frogs, bird eggs, nestlings and young mammals. 
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2 Aims of Study 
 The main objective of this study was to establish and evaluate an advantageous, cost-
efficient and relevant NHP animal model for OPV infections in which a smallpox-like disease 
can be induced via a natural route of infection. From the natural outbreak in 2002 it was 
hypothesized that the calpox virus/common marmoset system could be used as a model for 
smallpox virus infections in humans. This animal model should induce a disease similar to 
smallpox and should overcome the limitations of the other primate models used in OPV 
research.
 Therefore, in the first part of the study the focus was on the development of 
transmission routes that reflect natural routes of smallpox infection. Besides the intravenous 
infection route, intranasal infection was studied. In addition, pathogenesis and the 
development of clinical symptoms were characterized and compared to other OPV diseases, 
including smallpox. After establishment of a natural route of infection (intranasal), in titration 
experiments the lethal dose of calpox virus in marmosets was determined. Immunological 
parameters were investigated during the course of infection which should give insights into 
the immune response after lethal and non-lethal infections.  
 To evaluate the suitability of the calpox virus/marmoset model for the testing and 
validation of new vaccines and antiviral substances in vivo, marmosets were vaccinated with 
the classical VACV Lister-Elstree strain (VACV LE-BN) and challenged with a lethal dose of 
calpox virus. In addition, infected animals should be treated with ST-246, a recently 
developed antiviral agent with a high therapeutic efficacy against OPV infections in vitro and 
in vivo.
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3 Materials and Methods 
 This chapter describes the experimental approach and presents technical equipment, 
material and methods used in this study. Animal experiments like virus infection and 
necropsy are explained as well as virological and molecular biological analyses. All work was 
done in collaboration of the Robert Koch-Institut, Berlin, Germany, the German Primate 
Center, Göttingen, Germany and the Paul-Ehrlich-Institut, Langen, Germany. 
3.1 Technical equipment 
 All technical equipment not mentioned in the description of the methods is listed below. 
Spectral photometer Coulter DU 640 B  Beckman, Krefeld, Germany 
Nanodrop spectral photometer   peQ Lab Erlangen, Germany 
Light optical microscope Axiophot   Zeiss, Oberkochen, Germany 
Light optical microscope Axioskop  Zeiss, Oberkochen, Germany 
Light optical microscope Axiovert 40cFL Zeiss, Oberkochen, Germany 
Micropipettes      Eppendorf, Hamburg, Germany 
PIPETBOY acu      VWR, Darmstadt, Germany 
Pipettes Gilson Abimed Analysen Technik, Langenfeld, 
Germany
Cell culture incubator Hera cell 150  Heraeus, Hanau, Germany 
Lamina flow cabinet HERA Safe   Heraeus, Hanau, Germany   
Precision scales      Sartorius, Göttingen, Germany 
Scales       Sartorius, Göttingen, Germany 
Thermo mixer comfort     Eppendorf, Hamburg, Germany 
Vortexer REAX 2000     Heidolph, Munich, Germany 
-70°C Freezer      Sanyo, London, England 
Lab centrifuge Heraeus Sepatech   Heraeus, Hanau, Germany 
Varifuge 3.0R      Heraeus, Hanau, Germany 
Table centrifuge 5415C    Eppendorf, Hamburg, Germany 
Table centrifuge 5417R    Eppendorf, Hamburg, Germany 
3.2 Consumables 
Cell culture 
Cryo tubes (0.8 ml, 1.2 ml)    NuncTM, Wiesbaden, Germany 
Pipettes (for cell culture) (1-25 ml)   NuncTM, Wiesbaden, Germany 
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Cell culture plates (24-well; 48-well; 96-well) TPP, Trasadingen, Switzerland 
Cell culture flasks Nunclon     NuncTM, Wiesbaden, Germany 
Cell scraper      TPP, Trasadingen, Switzerland 
Falcon tubes (15 ml, 50 ml)    TPP, Trasadingen, Switzerland 
Polymerase Chain Reaction (PCR) 
TaqMan PCR-plates (96 well) Applied Biosystems, Weiterstadt, Germany 
TaqMan-PCR Optical Tubes and Caps Applied Biosystems, Weiterstadt, Germany  
Optical Adhesive Covers Applied Biosystems, Weiterstadt, Germany 
Others
Toothpicks BTS Biotech, St-Leon-Rot, Germany 
Parafilm       American National Can, USA 
Tips for micropipettes     Eppendorf, Hamburg, Germany 
Microcentrifuge tubes, safe lock (0.5-2.0 ml) Sarstedt AG & Co., Nümbrecht, Germany 
Microcentrifuge tubes, snap cap  (0.2 ml) Rapidozym, Luckenwalde, Germany 
Microcentrifuge tubes, screw top (2 ml) Sarstedt AG & Co., Nümbrecht, Germany 
3.3 Viruses  
Calpox virus Calpox virus, isolated from skin tissue of an infected Callithrix 
jacchus, 2002, RKI, Berlin, Germany 
CMLV CP-19 Camelpox virus, strain CP-19, kindly provided by Dr. Sandra 
Eßbauer, LMU Munich, Germany 
CPXV 81-02 Cowpox virus, strain 81-02, kindly provided by Dr. Sandra Eßbauer, 
LMU Munich, Germany 
CPXV BR Cowpox virus, strain Brighton Red (only DNA), kindly provided by 
Dr. Hermann Meyer, Institute for Microbiology (German Federal 
Armed Forces), Munich, Germany 
MPXV AP-1 Monkeypox virus, strain AP-1 (only DNA), kindly provided by Dr. 
Hermann Meyer, Institute for Microbiology (German Federal Armed 
Forces), Munich, Germany 
VACV LE-BN Vaccinia virus, strain Lister-Elstree Bavarian Nordic, LELS-2003-
007; lot 120103, 2003; Bavarian Nordic GmbH, Martinsried, 
Germany
VACV VR15 Vaccinia virus, strain New York City, ATCC-VR 1536 
VACV M1 Vaccinia virus, strain M1, kindly provided by Dr. Sandra Eßbauer, 
LMU Munich, Germany 
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VACV WR Vaccinia virus, strain Western Reserve, ATCC-VR 1354  
ECTV NU Ectromelia virus, strain Nuremberg, kindly provided by Dr. Sandra 
Eßbauer, LMU Munich, Germany 
 Abbreviations are according to the 7th Report of the International Committee on 
Taxonomy of Viruses.
3.4 Non-human primates 
3.4.1 Animal husbandry 
 All animal experiments were performed in close collaboration with Dr. C. Stahl-Hennig 
und Dr. K. Mätz-Rensing at the German Primate Center (DPZ, Göttingen, Germany). 
Marmosets (callithrix jacchus) of different age were bred and housed at the DPZ. Before 
infection, marmosets were moved to the animal L3 facility of the DPZ. Living conditions 
were 25°C, 60 % humidity and single cages (130 cm x 53 cm x 80 cm) for each animal, with 
visual and acoustical contact to each other. All animals were adequately fed, tended and 
maintained according to the German Animal Protection act. All animal experiments were 
approved by responsible authorities (approval number 33.42502/08-07.0514:19 and 
33.42502-04019/07).
3.4.2 Virus application 
 The marmosets were either infected intravenously (i.v.), oropharyngeally (oro.) or 
intranasally (i.n.) with different infectious doses of calpox virus. For virus application 
marmosets were narcotized by injecting 0.1 ml Göttinger Mischung II (GMII)/200 g body 
weight into the hamstring muscle. Calpox virus was i.v. administered in a maximal volume of 
500 l into the vena saphena. Oropharyngeal virus application was performed by dropping 
100 l virus solution directly onto the tonsils. Intranasal infection was carried out as described 
elsewhere [187,188] by pipetting 50 l virus solution into each nostril.  
 Before immunization with VACV LE-BN, the vaccination site, a small skin area on the 
shoulder, was shaved. Marmosets were immunized intradermal (i.d.) using the multi-puncture 
method with standard bifurcated needles (Precision Medical Products, Inc. Denver, USA), 
based on the immunization in humans: a bifurcated needle holding a drop (3 l which 
corresponds to approximately 1x105 pfu) of the vaccine (figure 4) was pressed three times 
into the skin at the vaccination site. 
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Figure 4: A) bifurcated needle with and without a drop of vaccine [189], B) scarification of the skin [190] 
 After immunization as well as infection all animals were inspected daily for signs of 
infection, and areas of the breast and abdomen were shaved for better inspection. At 
predetermined time points twice a week, marmosets were narcotized with 10 mg cetamine 
(Ketalar, Parke-Davis, USA) intramuscularly, and 1 x 0.8 ml EDTA blood and 1x 0.2 ml 
EDTA blood were collected. Simultaneously throat swabs were obtained.  
Narcotization solution: 
1 ml GMII: 10 mg xylazine (Rompun, Bayer AG, Leverkusen, Germany), 50 mg 
atropine (Boehringer, Ingelheim, Germany), 50 mg cetamine (Ketalar, Parke-Davis, 
USA)
Additional equipment: 
Vacutainer Plus and Vacutainer system K2E 4.5 ml (Becton Dickinson, Heidelberg, 
Germany)
3.4.3 Necropsy and tissue handling 
 All animals were euthanized when showing clear clinical symptoms. During necropsy, a 
wide spectrum of tissue samples including skin, heart, liver, lung, kidney, spleen, lymph 
nodes, bladder, stomach, colon, small intestine and brain were immediately conserved in 2.5 
% glutaraldehyde for electron microscopy, in 10 % formaldehyde for histological 
examination, in RNA-later (Ambion, Darmstadt, Germany) for RNA extraction and in liquid 
nitrogen for DNA extraction and virus titration. 
Buffers and solutions: 
10 % formaldehyde (1 l): 270 ml 37 % formaldehyde (Carl Roth, Karlsruhe, Germany), 
730 ml phosphate-buffered saline (PBS, in-house production RKI) 
1 x PBS buffer, (1 l, pH 7.2) without Mg2+ and Ca2+: 8.0 g NaCl 0.2 g KCl, 1.44 g 
Na2HPO4 (all: Merck, Darmstadt, Germany), ad 1 l ddH2O, sterile filtration 
2.5 % glutaraldehyde (pH 7.2): 10 ml glutaraldehyde 25 % (Serva, Heidelberg, 
Germany), 90 ml 0.05 M HEPES-buffer (Sigma-Aldrich, Deisenhofen, Germany) 
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3.5 Mouse experiments 
 All mouse experiments were performed at the Paul-Ehrlich-Institut (PEI) (Langen, 
Germany) in close cooperation with Dr. Y. Süzer and Prof. G. Sutter. All mouse experiments 
had been approved by the German Animal Protection Agency. BALB/c mice (seven weeks 
old) were bred and housed at the PEI. Mice were kept three animals per cage with water and 
fed ad libituum. Virus application was carried out via the i.n. infection route. For virus 
application mice were narcotized with a mixture of 4 mg/kg cetamin (Ketalar, Parke-Davis, 
USA) and 100 mg/kg xylazin (Rompun, Bayer AG, Leverkusen, Germany). Afterwards 
they were laid on their back and virus was administered into each nostril in a maximal volume 
of 30 l. Body weight and signs of illness were monitored daily until the end of experiment.  
3.6 Cell culture 
 All cells were maintained according to the recommendations of ECACC (European 
Collection of Cell Cultures) or ATCC (American Type Culture Collection). Vero E6, Hep2 
and B95-8 cells were split 1:3 or 1:5, depending on cell density, twice a week. ML2 cells 
were split 1:2 once a week or fortnightly. In the cultivation of adherent growing cells, cell 
culture medium was aspired and cells were washed once with PBS. After washing, cells were 
trypsinised with a 1:2 mixture of trypsin (PAA, Pasching, Germany) and EDTA (PAA). 
Afterwards new medium was added and one third of the cell suspension was transferred into a 
new cell culture flask. For B95-8 suspension cells one third of the cell suspension was 
transferred into a new cell culture flask and two thirds of new medium was added. All cells 
were incubated at 37°C and 5 % CO2.
 If a defined number of cells was needed, cells were counted using a "Neubauer cell 
counting chamber" (Blaub GmbH& Co. KG, Wertheim, Germany). The respective cell 
dilution was then seeded into cell culture plates or flasks. 
Cells:
Vero E6 cell line from kidney tissue of an African green monkey (Cercopithecus 
aethiops); ECACC: 85020205 
Hep2  human cervix carcinoma cell line, HeLa derivate, ECACC: 86030501 
B95-8 peripheral blood lymphocytes from a marmoset (Saguinus oedipus);
transformed with EBV; ATCC CRL 1612 
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ML2 cell line from lung tissue of a common marmoset (Callithrix jacchus);
H. Ellerbrok and J. Reiche, unpublished 
PBMC peripheral blood mononuclear cells, preparation from fresh Callithrix 
jacchus blood 
Cell culture medium: 
Vero E6   D-MEM, 1 % L-glutamine, 10 % FCS  
Hep2    D-MEM, 1 % L-glutamine, 5 % FCS  
B95-8 and ML2  RPMI-1640, 1 % L-glutamine, 10 % FCS 
PBMC   RPMI-1640, 10 % FCS  
(D-MEM/ RPMI-1640: Gibco BRL®, Eggenstein, Germany; L-glutamine: Biochrom, 
Berlin, Germany; FCS: Gibco BRL)
3.7 Virus propagation 
3.7.1 Virus stock production 
 Hep2 cells were used for the propagation of all viruses. 80-90 % confluent Hep2 cells 
(in 175 cm2 cell culture flasks) were infected with the respective virus in 10 ml medium and 
incubated for 1 h. After 1 h 25 ml culture medium/flask was added and cells were incubated 
for further three to five days until an overall cytopathic effect (CPE) could be observed. Cells 
and supernatant were shock-frozen over night at -70°C or -20°C. After thawing at room 
temperature cells were scraped off the cell culture flask and the cell suspension transferred 
into 50 ml Falcon tubes containing glass beads (for better cell destruction). After intensive 
vortexing, the suspension was centrifuged for 10 min at 200 g to pellet the cell debris. The 
virus-containing supernatant was frozen in aliquots (stock virus). The titer of the stock virus 
was determined and used for infection experiments. For the preparation of concentrate virus, 
the supernatant was overlaid onto a 30 % sucrose cushion (50 ml sucrose for 250 ml 
centrifuge tubes) and ultracentrifuged for 3 h at 3.4x103 g (ultracentrifuge Sorvall WX Ultra 
80, rotor R19, Thermo Fischer Scientific Inc, Waltham, MA, USA). The sucrose and 
supernatant were aspired and pelleted virus was re-suspended in a small volume of 0.9 % 
NaCl (infection of marmosets) or in PBS (infection of mice) or in cell culture medium (cell 
culture experiments). 
Solutions:
0.9 % NaCl: 0.9 g NaCl (Merck, Darmstadt, Germany), 100 ml ddH2O; 30 % sucrose: 
300 g sucrose (Merck) ad 1 l PBS, autoclaved 
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3.7.2 Preparation of virus-infected cells on glass slides 
 Calpox virus and VACV LE-BN-infected cells were grown on glass slides (Teflon 12 
wells/5 mm, Carl Roth, Karlsruhe, Germany) for immunofluorescence tests. 3x106 Hep2 cells 
were infected with calpox virus (moi 1.5) or VACV LE-BN (moi 0.8-1.0) in 15 ml Falcon 
tubes for 1 h at 37°C and 5 % CO2. Uninfected Hep2 cells (1x106) treated in parallel served as 
control. After 1 h, cells were washed twice with cell culture medium (centrifuged at 200 g for 
5 min) and the cell pellet was resolved in 15 ml medium (infected cells) or in 3 ml medium 
(uninfected cells). Cells were seeded (30 l/cavity) on glass slides and incubated over night at 
37°C and 5 % CO2. On the next day supernatant was aspired from each cavity and slides were 
dried and fixed in acetone (Carl Roth, Karlsruhe, Germany) for 30 min at room temperature. 
After fixation, slides were dried, labeled and stored at -20°C. 
3.8 Plaque assay  
 Titers of infectious virus in plasma, saliva, tissue homogenates and virus stocks are 
determined using the plaque assay and expressed as plaque forming units (pfu). Briefly, 100 
l of tenfold serial dilutions of the samples were mixed with 100 l Vero E6 cells (1.5x106
cells/ml) in wells of 48-well plates for 4 hours at 37°C and 5 % CO2. Cells were then overlaid 
with 200 l 1.6 % carboxymethylcellulose (CMC) and further incubated for 4 days. Finally 
the supernatant was aspired and cells were fixed in 1 ml 3.7 % formaldehyde for 30 min at 
room temperature. Cells were stained with naphthalene blue black for 10 min and surplus 
stain was removed by washing cells once with water. Plaques were counted and the virus titer 
was calculated based on plaque numbers as follows: 
titer/ml = (n * a) / v          n =  of counted plaques of the whole plate 
a = dilution factor (smallest dilution at which plaque counting 
      was possible) 
v =  of virus volume used in each dilution step  
Solutions:
 staining solution: 1 g naphthol blue black (Sigma-Aldrich, Deisenhofen, Germany), 
 13.6g sodium acetate (Merck, Darmstadt, Germany), 60 ml glacial acetic acid (Merck), 
 ad 1 l ddH2O
 fixative: 100 ml 37 % formaldehyde (Carl Roth, Karlsruhe, Germany), 900 ml PBS  
 CMC overlay medium: 8 g carboxymethylcellulose (Carl Roth) in 500 ml D-MEM 
 (with  1 % L-glutamine and 10 % FCS) 
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3.9 Plaque reduction neutralization test (PRNT) 
 The previously described PRNT [191] was modified. Briefly, 9x104 Vero E6 cells/well 
were seeded into 48-well plates and incubated over night. To inactivate virus in plasma or 
serum as well as complement, samples were incubated for 30-60 min at 56°C. Twofold 
serially dilutions (50 l) of the plasma samples were mixed with an equal volume of calpox 
virus or VACV LE-BN (virus titer varied between different stocks used for PRNT). After an 
incubation for 1 h at 37°C and 5 % CO2, 100 l serum-virus mixture/well was added to pre-
seeded Vero E6 cells in 100 l cell culture medium. Virus was allowed to adsorb for 1 h at 
37°C and 5 % CO2. Cells were overlaid with 200 l of 1.6 % CMC medium and further 
incubated for 4 days at 37°C and 5 % CO2. Medium was aspirated and cells were fixed in 1 
ml 3.7 % formaldehyde for 30 min, stained with naphthalene blue black and washed once 
with water. The number of plaques/well was counted and the titer for 50 % plaque reduction 
was calculated in comparison to the virus titer obtained for OPV-negative marmosets serum 
which served as control. Human anti-VACV immunoglobulin was used as a positive control. 
Human anti-VACV immunoglobulin: 
Omrigam 5 % (G2H50CN HO4021, Israel, 2003), VIG (VACV immunoglobulin) 
(CBER/FDA Bethesda, MD 20892) 
3.10 IFN  ELISpot 
 The Enzyme-Linked ImmunoSpot (ELISpot) assay is a highly sensitive immunoassay, 
allowing the detection of secreted cytokine at the single cell level [192] with detection levels 
that can be as low as one cell in 100 000. The ELISpot has proven particularly useful when 
studying small populations of activated cells like those regularly found in specific immune 
responses.
3.10.1 Isolation of peripheral blood mononuclear cells (PBMC)  
 Blood, diluted 1:1 in 1xPBS, was added carefully onto a ficoll cushion (Merck, 
Darmstadt, Germany). After centrifugation at 400 g for 30 min at room temperature the 
PBMC containing phase was aspirated. The blood plasma in the layer above the PBMCs was 
collected and used for serological analyses. PBMCs were washed twice with 1xPBS and 
centrifuged at 400 g and 300 g for 10 min, respectively. RPMI-1640 medium was added and 
cell numbers were determined.  
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3.10.2 IFN  ELISpot 
 For the detection of IFN-secreting cells the ready-to-use human-IFN ELISpotPro kit 
(Mabtech, Nacka Strand, Sweden) was used according to the manufacturer’s protocol. 
PBMCs were added into anti-IFN monoclonal pre-coated wells (96-well format) and 
incubated at 37°C and 5 % CO2 for 2 days. After removal of PBMCs by washing, anti-IFN-
HRP (horseradish peroxidase)-conjugated antibodies were added. Finally, TMB (3.3’, 5.5’-
tetramethylbenzidine) substrate was added which formed a colored, insoluble precipitate 
when enzymatically converted by the HRP. A visible spot was formed at the site of IFN-
producing cells. An automated ELISpot reader counted the spots and the frequency of 
positive cells were determined. 
3.11 Extraction of nucleic acid 
3.11.1 DNA extraction from virus stock 
 For viral DNA extraction from virus stocks the QIAamp Blood Kit (Qiagen, GmbH, 
Hilden, Germany) was used according to the manufacturer’s standard protocol. 200 l virus 
stock was used and DNA was eluted in 200 l AE buffer. 
3.11.2 DNA and RNA extraction from blood samples 
 In a first step whole blood samples were centrifuged for 10 min at 200 g. Plasma was 
aspirated, aliquoted and stored at -20°C. The rest of the blood sample was mixed well and 50 
l or 100 l were used for DNA extraction, depending on the blood volume available. 
Remaining blood was used for RNA extraction. 
Prior to DNA extraction, PBS was added to a final volume of 200 l. For the preparation of 
total DNA from blood the QIAamp Blood Kit (Qiagen GmbH, Hilden, Germany) was used 
according to the manufacturer’s protocol. Elution was performed in AE buffer in a volume 
equal to the starting blood volume (50 l or 100 l) to avoid further dilution.  
 For the isolation of RNA from blood a preceding erythrocyte lysis step was performed 
with RCLB (Red cell lysis buffer). A minimum of 150 l blood were added to 10 ml RCLB 
and incubated for 5 min at room temperature for efficient lysis. Samples were then 
centrifuged for 5 min at 220 g at 4°C. Supernatant was discarded and cells were washed once 
with PBS. Cell pellet was resolved in 350 l RLT buffer. RNA extraction was performed with 
the RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. RNA was eluted in 
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50 l RNase-free water. DNA digestion was performed with the Ambion TURBO DNase Kit 
(Ambion, Darmstadt, Germany) to remove residual DNA. 2 l of DNase was incubated with 
50 l RNA for 10 min at 37°C. Then additional 1.5 l DNase was added and samples were 
incubated for further 30 min at 37°C. All other preceding steps were performed according to 
the manufacturer’s protocol.  
Buffer: 
RCLB (red cell lysis buffer): 8.29 g NH4Cl (Merck, Darmstadt, Germany), 1.0 g 
KHCO3 (Merck), 0.372 g EDTA (Sigma-Aldrich, Deisenhofen, Germany), ad 1 l 
ddH2O, sterile filtration, autoclaved 
Chemicals: 
ethanol (100 %) (RNase-free) (Carl Roth, Karlsruhe, Germany), diethyl pyrocarbonate 
(DEPC) (Merck) 
3.11.3 DNA and RNA extraction from tissue samples 
 For tissue samples a defined weight of tissue that was shock-frozen in liquid nitrogen 
was homogenized in 1 ml PBS using Precellys-ceramic beads (peQ Lab, Erlangen, Germany) 
and a rotor-stator homogenizer (FastPrepFP120 machine, MP Biomedicals, Heidelberg, 
Germany). Homogenization was performed for 2x20 sec at 4 or 6 m/sec, depending on the 
type of tissue. Homogenates were kept at 4°C immediately after homogenization. Equal 
volumes of 100 l and 200 l of homogenates were stored at -70°C until use. For DNA 
extraction 100 l homogenate and the QIAamp Blood Kit (Qiagen, GmbH, Hilden, Germany) 
were used according to the manufacturer’s protocol. Elution was performed in 100 l AE 
buffer. In addition, DNA extraction was also done with the DNeasy Tissue Kit (Qiagen) 
according the manufacturer’s standard protocol to compare the DNA yield for both kits. For 
RNA preparation 100 l tissue homogenate and the RNeasy Mini Kit (Qiagen) were used 
according to the manufacturer’s protocol. RNA was eluted in 50 l RNase-free water. For 
difficult tissue samples tissues conserved in RNA-later were homogenized in 700 l RLT-
buffer, and RNA was extracted using also the RNeasy Mini Kit according to the 
manufacturer’s recommendations. Elution was done in 50 l RNase-free water. In addition, a 
DNA digestion was always performed after RNA extraction to eliminate residual DNA using 
the Ambion TURBO DNase Kit (Ambion, Darmstadt, Germany). RNA was incubated with 2 
l DNase for 10 min at 37°C, then additional 1.5 l DNase was added and samples were 
incubated for further 30 min at 37°C. All other preceding steps were performed according to 
the manufacturer’s protocol.  
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Chemicals: 
ethanol (100 %) (RNase-free) (Carl Roth, Karlsruhe, Germany), diethyl pyrocarbonate 
(DEPC) (Merck, Darmstadt, Germany) 
Additional equipment: 
forceps (tweezers) and  microscopic scissors (both stainless steel) (both Carl Roth) 
3.11.4 cDNA synthesis 
 cDNA was generated by reverse transcription (RT) in a total volume of 20 l. 10 l
RNA, 500 ng calf thymus DNA (Sigma Aldrich, Hamburg, Germany) and 500 ng oligo dT(18)
primer (Metabion, Martinsried, Germany) were incubated at 65°C for 5 min before 4 l 5x 
buffer, 2 l 0.1 M DTT, 0.4 l 25 mM dNTP and 200 U Superscript II reverse transcriptase 
(all Invitrogen, Karlsruhe, Germany) was added. Samples were then incubated for 52 min at 
37°C and for 10 min at 70°C. cDNA samples were stored at -20°C. 
Additional equipment:  
thermal cycler MJ Research PTC-200 (Biozym, Oldendorf, Germany)  
3.12 Polymerase chain reaction (PCR) 
3.12.1 Primer design 
 To distinguish calpox virus from VACV-specific DNA and RNA, two real-time PCR 
assays were established. Because only parts of the calpox virus genome sequence were 
available, the clone 12/13 of calpox virus was used for primer and probe design. The genome 
sequence of CPXV BR (AF482758) was used as a reference sequence. All other real-time 
PCR assays had previously been established at the RKI. In addition, marmoset-specific 
cytokine real-time PCR assays were established. For primer and probe design the respective 
marmoset cytokine sequences (NCBI database) were used. The IL1b human-specific real-time 
PCR had been published previously [193]. Primer and probe selection was done in 
collaboration with Dr. A. Nitsche [194] using the BioEdit program, the website 
www.idtdna.com/SciTools/SciTools.aspx and the NCBI nucleotide blast search (blastn) [195]. 
In table 2 all oligo nucleotides are listed. Primer and TaqMan probes were synthesized by TIB 
Molbiol (Berlin, Germany) and TMGB-probes were produced by Applied Biosystems (Foster 
City, USA). 
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Table 2: Details of oligo nucleotides used in PCR reactions 
Oligo name Oligonucleotide sequence 5’ 3’ S/A Ta (°C) Tm (°C)
Cal Amplicon length: 138 bp 62.0
Cal F gTCTTTCTCgTTTACCAAgTgC S 55.0°
Cal R ACAgAgAAAACATTTAAggATgAATCTATA A 55.1
Cal TMGB F-ATAgCTCCgTTTATTTTgTTA NQF MGB S 66.4
OPV Amplicon length: 140 bp 62.0
OPV F gCCAATTgTCTTTCTCTTTTACTgA S 56.2
OPV R gAAAACATTTAAggATgAATCCATCT A 55.4
OPV TMGB F-CCTTCTATAgATCTgAgAAT NQF MGB S 65.5
c-myc Amplicon length: 80 bp 60.0
c-myc F gCCAgAggAggAACgAgCT S 59.4
c-myc R gggCCTTTTCATTgTTTTCCA A 54.2
c-myc TM F-TgCCCTgCgTgACCAgATCC-T S 65.9
M13/ pCR2.1 Amplicon length: 243 bp + insert 55.0
M13 F gTAAAACgACggCCAg S 50.7
M13 R CAggAAACAgCTATgAC A 47.0
CJ IL1 Amplicon length: 200 bp 62.0
HU IL1 F TCTTCgAggCACAAggCAC S 57.9
HU IL1 F CAgAggTCCAggTCCTggAA A 58.5
CJ IL1 TM F-ACCTgAgCTCgCCAgTgAAATgATggCTT-T S 65.1
CJ IL2 Amplicon length: 219 bp 62.0
CJ IL2 F TTTACTgCTggACTTACAgATgCTT S 57.3
CJ IL2 R gCTgATTATATCCCTggTgTCTCTTA A 56.4
CJ IL2 TMGB F-CTCCAgAggTTTgAgTTC NFQ MGB S 69.0
CJ IL6 Amplicon length: 65 bp 62.0
CJ IL6 F CCTCAggAACCCAgCTATgAAC S 58.4
Hu IL6 R CCCAgggAgAAggCAACTg A 58.2
CJ IL6 TM F-CTCTCTCCACAAgCgCCTTCAgA-T A 63.6
CJ IL10 Amplicon length: 195 bp 62.0
CJ IL10 F gCACCCACTTTCCAggCA S 59.9
CJ IL10 R ggCATCACCTCCTCCAggTAA A 59.4
CJ IL10 TMGB F-CTTTTgAAAgAAAgTCTTC NFQ MGB S 67.0
CJ IL13 Amplicon length: 116 bp 62.0
HU IL13 F ggAgCTggTCAACATCACCC S 58.2
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HU IL13 R CgTTgATCAgggATTCCAgg A 55.4
CJ IL13 TM Y- AACCAgGCCCCCCTCTGCAATg -NFQ S 64.5
CJ IFN Amplicon length: 186 bp 62.0
CJ IFN F TTTgggTTCTCTTggCTgTTAC S 57.2
CJ IFN R ATgTCTTCCTTgATggTCTCCA A 56.0
CJ IFN TM V-CTCTTTTggATgCTCTggT-NFQ A 70.0
CJ TNF Amplicon length: 213 62.0
CJ TNF F ACTTCTCTCTAATCAgCCCTCTgg S 57.9
CJ TNF R gggAgTAgACgAggTACAgCC A 57.1
CJ TNF TM F-CCTgTAgCCCATgTTgTAgCAAACCCTC-T S 67.9
The base “G” is given as a small letter to avoid confusion with “C”. F = FAM label, T = TAMRA label, V = 
VIC label, Y = YAK label, TM = hydrolysis probe, TMGB= hydrolysis probe coupled to an MGB moiety; 
MGB = Minor Groove Binder, NFQ = Non-fluorescent quencher, Tm = Melting temperature (calculated by 
nearest neighbor method), Ta = Annealing temperature, A = antisense orientation, S = sense orientation, CJ = 
Callithrix jacchus, HU = human; location of the oligonucleotide in reference to the respective NCBI GenBank 
entry: Cal: calpox virus clone 12/13; OPV: AF482758, c-myc: V00568, CJ IL1: BT007213, IL2: DQ826674, 
CJ IL6: DQ658153, CJ IL10: DQ658154, IL13:NM002188, CJ IFN: X64659, CJ TNF: DQ520835 
3.12.2 Conventional PCR 
 Primer combinations were tested for their optimal annealing temperatures (best 
sensitivity and specificity) using a gradient cycler (Mastercycler ep gradient, Eppendorf, 
Hamburg, Germany) [196]. PCR was also used to generate plasmid standards. PCR 
components and cycling conditions are given in table 3.  
 The colony PCR allows a rapid screening for correct DNA vector constructs in bacterial 
colonies (E. coli). Bacterial colonies were picked with a sterile toothpick and added into the 
PCR master mix. For all colony PCR reactions the vector primer M13 F and the M13 R 
primer were used. All other components were the same as those used in conventional PCR 
(table 3). 
Chemicals: 
10xbuffer, MgCl2, Platinum® Taq DNA-Polymerase (all InvitrogenTM, Karlsruhe, 
Germany), dNTP (Amersham, Freiburg, Germany), water (DNase-free, Fluka) (Sigma-
Aldrich, Deisenhofen, Germany) 
Additional equipment: 
GeneAmp PCR System 2400 and 9700 (Perkin Elmer, Norwalk, CT, USA) 
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Table 3: Components and cycling conditions for conventional PCR 
Approach 25 l Cycling conditions
Water 14.3 l
10xbuffer 2.5 l 95°C 5 min
Mg2Cl (50 mM) 2.0 l 95°C 30 sec
dNTP (25 mM) 2.0 l 55-62°C# 30 sec 45 repeats
Primer S* (10 M) 0.75 l 72°C 30 sec
Primer A† (10 M) 0.75 l 72°C 10 min
Taq polymerase 0.2 l
DNA/cDNA 2.0 l
*S = sense orientation, †A = antisense orientation, # annealing temperature depending on primer melting 
temperature 
3.12.2.1 Agarose gel electrophoresis 
 To separate PCR products according to their size, agarose gel electrophoresis was used. 
Depending on the PCR fragment size, 1-2 % agarose-TAE solutions were boiled, and the 
liquid agarose gel was poured into the gel chamber. After the agarose solidified, 30 ml 
1xTAE-EtBr buffer was added. Samples and a 100-bp size marker (Fermentas, St. Leon-Rot, 
Germany) were added to the preformed slots. By applying an electric current of 90-100 V for 
30 to 60 min, amplified fragments moved through the gel matrix toward the anode because of 
their negative charge. Migration speed depended on the fragment length. Using ethidium 
bromide, which intercalates with double-stranded DNA, visualization of the PCR fragments 
was done under ultraviolet lights. 
Buffers and solutions: 
loading buffer (6x) for gel electrophoresis: 10 mM Tris-HCl pH 7.5 (Merck, Darmstadt, 
Germany), 2 mM EDTA (Sigma-Aldrich, Deisenhofen, Germany), 15 % (V/V) 
Glycerin (Merck), 0.1 % bromphenolblue (LKB, Bromma, Sweden) 
TAE-buffer (50x) (pH 8): 242 g Tris Base (Merck), 57.1 g glacial acetic acid (Merck), 
100 ml 0.5M EDTA (Sigma-Aldrich), ad 1 l ddH2O
TAE-EtBr buffer (1x): 20 ml 50x TAE-buffer, 100 l ethidium bromide (10 mg/ml) 
(Serva, Heidelberg, Germany), ad 1 l ddH2O
peq GOLD Universal agarose (peQ Lab Erlangen, Germany) 
Additional equipment:  
gel electrophoresis power supply ST304 (Gibco BRL®, Eggenstein, Germany), gel 
electrophoresis chamber Horizon 58 (Gibco BRL® ), microwave oven Privileg 8520 
(Privileg, Fürth, Germany), video documentation system (Herolab, Wiesloch, Germany) 
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3.12.3 Real-time PCR 
 The real-time PCR is based on the polymerase chain reaction and can be used to 
simultaneously amplify and quantify a specific DNA sequence using fluorescence-labeled 
DNA oligonucleotide probes. After hybridization of these probes with complementary DNA 
strands a fluorescence signal is generated after each amplification cycle, accounting for the 
number of generated amplicons in real-time. Advantages of real-time PCR are the speed, the 
low risk of carry-over contaminations and the option of on-line analysis. The additional 
specificity obtained by the binding of a third oligonucleotide probe makes a real-time PCR 
assay much more reliable than a conventional PCR assay [197,198]. For quantification a 
plasmid standard with the respective target sequence and the housekeeping gene c-myc were 
measured in each run. All real-time PCR assays run on the ABI PrismTM 7500 or the ABI 
PrismTM 7900 Sequence Detection System (Applied Biosystems, Weiterstadt, Germany). The 
real-time PCR components and cycling conditions are listed in table 4. 
Table 4: Components and cycling conditions for real-time PCR 
Approach 25 l Cycling conditions
Water 15.3 l
10xbuffer 2.5 l 95°C 10 min
Mg2Cl (50 mM) 2.0 l 95°C 30 sec
dUTP (25 mM) 1.0 l 60 or 62°C# 30 sec 45 repeats
Primer S† (10 M) 0.75 l
Primer A& (10 M) 0.75 l
Probe (10 M) 0.25 l
ROX* 0.25 l
Taq polymerase 0.2 l
DNA/ cDNA 2.0 l
† S = sense orientation, & A = antisense orientation, * concentration depending on TaqMan instrument (for 7500 
instrument 10 M, for 7900 instrument 100 M), # annealing temperature depending on primer melting 
temperature, varied for different real-time PCR assays, ROX: 6-carboxy-X-rhodamine 
Chemicals: 
10xbuffer, MgCl2, Platinum® Taq DNA-Polymerase (all InvitrogenTM, Karlsruhe, 
Germany), ROX (TIB Molbiol, Berlin, Germany), dUTP (Amersham, Freiburg, 
Germany), water (DNase-free, Fluka) (Sigma-Aldrich, Deisenhofen, Germany) 
Materials and Methods 46
3.13 Cloning 
3.13.1 Purification of PCR fragments after gel electrophoresis 
 If additional unwanted fragments were generated during PCR amplification, the desired 
PCR fragment was cut out of an agarose gel with a scalpel and purified with the JetQuick Gel 
Extraction Spin Kit (Genomed GmbH, Bad Oeynhausen, Germany) according to 
manufacturer’s protocol. DNA elution was done in 25 l DNase-free water.  
3.13.2 TOPO TA cloning 
 To generate plasmid standards for real-time PCR, respective target sequences were 
cloned into a pCR2.1 vector (TOPO TA Cloning Kit, Invitrogen®, Karlsruhe, Germany). 
Preceding PCRs were performed with dNTPs and Platinum® Taq DNA-Polymerase. The 
Platinum® Taq DNA-Polymerase has a template-independent terminal transferase activity 
that adds a single deoxyadenosine (A) to the 3´ ends of PCR products. The linearized vector 
pCR2.1 features single overhanging 3´ deoxythymidine (T) residues that allow PCR inserts to 
ligate efficiently with the vector. Ligation and transformation reaction was performed 
according to manufacturers protocol using 2 l PCR product and 50 l or 100 l of 
chemically competent TOP10 cells (InvitrogenTM, Karlsruhe, Germany). Finally 20-100 l
were plated on LB-Amp++ plates and incubated over night at 37°C. As a transformation 
control 1 ng pEMBLE (InvitrogenTM, Karlsruhe, Germany) was used.
 Positive clones were selected using the blue-white screening. White colonies were 
picked with a sterile toothpick and were directly used for colony PCR, to verify the insert (see 
3.12.2), and inoculated into 3 ml LB-Amp for over-night cultures to generate plasmid DNA.  
Bacterial medium: 
Luria-Bertani (LB)-Agar++: 10 g bacto-trypton, 5 g bacto-yeast extract (both Gibco 
BRL, Eggenstein, Germany), 10 g NaCl, 15 g agar (both Merck, Darmstadt, 
Germany), ad 1 l ddH2O, pH 7, autoclaved; ad: 500 l 1 M IPTG (BTS-Biotech, St. 
Leon-Rot, Germany), 600 l 40 ng/l X-gal (BTS-Biotech), 600 l 100 mg/ml 
ampicillin (Sigma-Aldrich, Deisenhofen, Germany) 
LB-Amp medium: 10 g bacto-trypton, 5 g bacto-yeast extract (both Gibco BRL), 10 g 
NaCl (Merck), ad 1 l ddH2O, pH 7, autoclave; add ampicillin (100 mg/ml) (Sigma-
Aldrich) to a final concentration of 0.1 mg/ml directly before use.  
Additional equipment: 
lab-shaker (Kühner, Switzerland), water bath (P-D Industriegesellschaft GmBH 
Dresden, Germany) 
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3.13.3 Plasmid preparation
 The LB-Amp cultures were incubated over night on a shaker at 800 rpm and at 37°C. 
For the preparation of plasmid DNA the NucleoSpin® Plasmid Kit (Macherey Nagel, Düren, 
Germany) was used according to the manufacturer’s instructions. DNA was eluted in 50 l
sterile water. Finally DNA concentrations were measured using a spectral photometer.  
3.13.4 Calculation of plasmid copy numbers 
 The plasmid copy number was calculated with the following formula: 
Plasmid size [bp] = vector size [bp] + insert size [bp]  
1 bp dsDNA correspond to 660 g/mol
1 mol = 6,023 * 1023 mol-1 (Avogadro constant)  
plasmid size [bp] * 660 g/mol = molarity [g/mol]  
molarity [g/mol] / 6,023 * 1023 = weight [g/plasmid or ng/plasmid]  
DNA concentration [ng/μl] / weight [ng/plasmid] = n plasmid [plasmid/μl]
3.14 Sequencing 
3.14.1 PCR product purification 
 Before PCR products were sequenced, a purification step was performed to eliminate 
interfering components like primers with the help of the QIAquick PCR-Purification Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Elution was performed 
with 25 l sterile water. Plasmid DNA was directly used for sequencing reaction without a 
purification step. 
3.14.2 Sequencing
 To analyze DNA sequences, the Sanger method which is also known as dideoxychain 
termination method was used [199]. For the sequence reaction the BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems, Weiterstadt, Germany) was used. A separate 
reaction was performed for each primer. The components and cycling conditions are listed in 
table 5. The separation of the fragments was done using the ABI Prism 3100 Genetic 
Analyzer (Applied Biosystems, Weiterstadt, Germany). All established sequences were 
analyzed with the SeqMan software (DNAstar Lasergene software 7.2.1, DNASTAR, 
Madison, Wisconsin, USA). 
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Table 5: Sequence reaction mix and cycling conditions 
 Approach 10l Cycling conditions 
Primer 0.5 l 
BigDye 1.0 l 96°C 2 min 
10xBuffer 1.5 l 96°C 10 sec 
ddH2O ad to 10 l 50-60°C* 5 sec 45 repeats
DNA s.b. 60°C 4 min 
DNA concentration:
100-200 bp 1-3 ng 
200-500 bp 3-10 ng 
Plasmids 200-300 ng 
s.b. see below (depends on DNA concentration); * annealing temperature depends on the melting temperature of 
the used primer  
3.15 Immunofluorescence test (IF) 
 To test plasma and serum samples for virus-specific IgM and IgG antibodies, infected 
Hep2 cells on glass slides (see 3.7.2) were used. Plasma and serum samples were pre-diluted 
1:5 in IF-staining buffer. Samples were heat treated for 30-60 min at 56°C before use to 
inactivate virus as well as complement components. For IgM antibodies a preceding 
elimination of IgG antibodies was performed using an anti-human IgG antibody (Mastsorb 
absorb reagent, Mast Diagnostika, Reinfeld, Germany). For this, 30 l IF-staining buffer, 20 
l plasma and 50 l Mastsorb absorb were mixed. Samples were incubated for 30 min at 
room temperature and then centrifuged at 9600 g for 5 min. IgG-free supernatant was aspired 
and used for IgM analyses. Inactivated plasma samples were serially diluted twofold in IF-
staining buffer. 20 l of each dilution were added per cavity and incubated for 1 h at 37°C 
under humid conditions. After two washing steps for 5 min with 1xPBS 20 l goat-anti-
human IgG FITC-labeled (1:50) antibody or goat-anti-human IgM FITC-labeled (1:30) 
antibody (both Caltag, Burlingame, CA) was used as secondary antibody. Additionally, Evans 
Blue (0.1 g/100 ml) (1:1000) (Sigma-Aldrich, Deisenhofen, Germany) was added to 
counterstain the cytoplasm of the cells. After an incubation of 1 h in a humid atmosphere 
slides were washed 3 times with PBS for 5 min. If a nuclear staining was necessary, DAPI 
(1:10) (Serva, Heidelberg, Germany) was applied and slides were incubated for further 5 min 
at 37°C. Slides were washed twice with 1xPBS for 5 min and covered with mounting medium 
(Dako, Hamburg, Germany) and cover glass (24x60 mm, Carl Roth, Karlsruhe, Germany) 
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before they were analyzed under a fluorescence microscope (Axiovert 40cFL) or a confocal 
laser scan microscope (both Zeiss, Oberkochen, Germany). 
Additional antibodies and buffers:  
positive control: Omrigam 5 % (G2H50CN HO4021, Israel, 2003), VIG (anti-VACV 
immunoglobulin, CBER/FDA Bethesda, MD, USA) 
IF-staining-buffer: 200 ml PBS, 2 % BSA (Sigma-Aldrich, Deisenhofen, Germany), 0.2 
% NaN3 (Carl Roth, Karlsruhe, Germany) 
3.16 Histological and immunohistochemical staining 
 The histological and immunohistochemical staining (IHC) were done in collaboration 
with Dr. K. Mätz-Rensing at the German Primate Center (Göttingen, Germany). All 
histological and IHC pictures in this manuscript are printed here with her personal 
permission. Fixed tissues were embedded in paraffin using the Hypercenter XP machine 
(Thermo Shandon, Frankfurt/Main, Germany) according to the manufacturer’s protocol. 
Afterwards tissues were processed into 3 m sections using the microtome HM 400R 
(Microm, Walldorf, Germany). Paraffin sections were placed on glass slides and dried over 
night at 37°C.  
3.16.1 Histological staining 
 For histological examination, tissues were stained with standard eosin-hematoxylin 
staining (HE) using the Varistain Gemini staining automat (Thermo Shandon, 
Frankfurt/Main, Germany). Tissue sections were deparaffinized and rehydrated as follows: 
xylol for 5 min/2 min/2 min, 100 % ethanol for 2 min, 96 % ethanol for 2 min, 80 % ethanol 
for 1 min, 70 % ethanol for 1 min and ddH2O for 1 min. For nucleolus staining, sections were 
incubated for 3 min in haemalaun (Merck, Darmstadt, Germany) and then for 10 min in 
ddH2O. For counter-staining, sections were incubated for 5 min in hydrous eosin (Thermo 
Shandon, Frankfurt/Main, Germany) followed by 5 sec in ddH2O. Afterwards sections were 
dehydrated using an ascending alcohol series: 70 %, 80 %, 96 % and 100 % ethanol each for 
1 min, 100 % ethanol for 2 min and xylol for 1 min and two times for 3 min. Finally tissue 
sections were covered with Eukitt (Kindler, Freiburg, Germany) and analyzed under a light 
optical microscope.  
Chemicals: 
ethanol (100 %) (RNase-free) (Carl Roth, Karlsruhe, Germany) 
xylol (Sigma-Aldrich, Deisenhofen, Germany) 
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3.16.2 Immunohistochemical staining 
 Sections of every tissue sample were analyzed immunohistochemically for calpox virus 
antigens using human anti-VACV immunoglobulin (Omrigam 5 %, see 3.15) (primary 
antibody, 1:100 dilution) and human anti-IgG-AP labeled antibody (secondary antibody, 
dilution to manufacturers instructions) (Dako, Hamburg, Germany). Sections were 
deparaffinized and rehydrated like for histological staining. For antigen demasking, sections 
were incubated in 0.05 % trypsin (diluted in 1xPBS) for 20 min at 37°C and washed three 
times with Tris-buffer. Using the NexES-IHC staining module (VENTANA, Illkirch, France), 
antigen staining was performed according to the manufacturer’s instructions. Finally sections 
were dehydrated, embedded and analyzed like for histological staining (see 3.16.1).  
Buffer: 
Tris-buffer 0.01 M (stock solution): 60.5 g Tris Base (Merck, Darmstadt, Germany) in 
500 ml ddH2O, pH 7.6, ad ddH2O to 1000 ml, 90 g NaCl (store at 4°C or room 
temperature), working solution: 1:10 dilution from stock buffer just before use 
3.17 Electron microscopy 
 Electron microscopy analyses were performed in collaboration with Dr. A. Kurth (RKI). 
Selected tissues were fixed in 2.5 % glutaraldehyde, at the time of necropsy. For pre-staining, 
tissues were incubated in 1 % osmium solution, tannin solution and uranyl acetate solution 
each for 1 h at room temperature. Dehydration and embedding procedures were performed 
using a Lynx tissue embedding automat (EMS, Hatfield, PA, USA). After dehydration, 
samples were embedded in epoxy (Serva, Heidelberg, Germany), and polymerization 
occurred at 60°C for 2 days and curing for additional 7 days. Then samples were sectioned 
into thin sections using the TM 60 trim instrument and the ultracut S ultramicrotom (both 
Reichert, Vienna, Austria). Afterwards tissues were stained with lead and analyzed using a 
Zeiss EM 10A transmission electron microscope (Zeiss, Oberkochen, Germany). 
Buffers and solutions: 
0.05 M HEPES-buffer: 5 ml 1 M HEPES-buffer (Sigma-Aldrich, Deisenhofen, 
Germany), 95 ml ddH2O, pH 7.2 
2.5 % glutaraldehyde: 10 ml glutaraldehyde 25 % (Serva, Heidelberg, Germany), 100 
ml 0.05 M HEPES-buffer, pH 7.2  
1 % osmium solution: 4 g osmiumtetroxid (Merck, Darmstadt, Germany), 400 ml 
ddH2O
1 % tannin solution: 1 g tannin acid (Mallinckrodt, St. Louis, USA), 100 ml 0.05 M 
HEPES-buffer 
2 % uranyl acetate: 0.4 g uranyl acetate (Merck), 20 ml ddH2O, pH 4.4
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4 Results 
 This chapter describes the development of the calpox virus/common marmoset model 
and begins with the development of a specific calpox virus and a generic OPV real-time PCR 
assay, both essential tools for monitoring the course of the infection in the animal 
experiments.  The natural OPV outbreak in New-World monkeys implied that the calpox 
virus was highly pathogenic for common marmosets. To investigate the reproducibility of the 
clinical picture observed during the natural outbreak marmosets were infected i.v. with calpox 
virus. Establishing a natural route of infection in common marmosets further refined the 
model. After a successful i.n. virus application, titration experiments were performed to 
determine the lethal infectious dose (median monkey infectious dose at which 50 % of the 
infected animals die [MID50]).
 A biological characterization of the calpox virus was achieved by examination of the 
pathogenicity of calpox virus in mice. In addition, marmosets were infected with CPXV strain 
81-02 to explore whether this closely related virus also induced a similar disease. 
To investigate the suitability of the model for the evaluation of new vaccines, marmosets were 
immunized with VACV LE-BN and challenged with 10 MID50 of calpox virus.
4.1 Development of calpox virus- and OPV-specific real-time PCR assays 
 For the characterization and establishment of the marmoset model, a calpox virus-
specific (Cal assay) and an OPV-generic (OPV assay) real-time PCR were designed and 
established for the discrimination between calpox virus and all other OPVs, particularly 
CPXV and VACV. At the time these investigations were started, the calpox virus genome had 
not yet been fully sequenced. Primers and probes for the real-time PCR assays were referring 
to calpox virus genes sequenced in our workgroup. The sequences of CPXV BR (AF482758) 
and VACV LE (LC16m8; AY678276) served as reference sequences. The Cal assay and the 
OPV assay were designed to bind in the coding region of the CPXV 82 protein of isolate 
CPXV BR and in the gene of the VACV LE DNA-binding phosphoprotein. The Cal assay 
specifically only detected calpox virus but no other known OPVs. In contrast, the OPV assay 
could detect all known OPVs except calpox virus and ECTV. The ability to differentiate 
between calpox virus and VACV was especially important for following the course of 
vaccination studies in which distinct discrimination between vaccine and challenge virus was 
needed. For the validation of the PCR assays calpox virus, four different VACV strains, two 
MPXV strains, two CPXV strains, one CLMV and one ECTV strain were tested (table 6). As 
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intended, the Cal assay was reactive only with calpox virus, and no cross-reactivity with other 
OPVs could be observed. The OPV assay, on the other hand, detected all OPVs except for 
calpox virus and ECTV (table 6). In addition, all virus DNA samples were investigated with 
the Rpo18 real-time PCR assay capable of detecting all OPVs (CT values between 19.79 and 
27.23).
 Furthermore, variability and efficiency of the Cal and OPV assays were determined. 
Results of intra- and inter-variability for plasmid dilutions using cloned target sequences and 
DNA dilutions prepared from virus stocks for the Cal assay and the OPV assay are given in 
table 7. PCR efficiency for the Cal assay varied between 112.1 % and 93.7 % and for the 
OPV assay between 110.2 % and 90.6 % depending on the target used for PCR. The 
variability for both assays was low, although variability of CT values seemed to depend on 
plasmid concentrations: with low plasmid copy numbers (10 or 102) a variability could be 
observed that was slightly higher than that with high plasmid copy numbers (105 and 106).
Both assays featured a very low detection limit reaching down to ten copies. 
Table 6: Reactivity of Cal assay, OPV assay and Rpo18 assay with different OPVs 
 TaqMan assay (CT)
DNA* Rpo18 Cal OPV 
calpox virus a 19.79 19.57 na 
calpox virus b 23.20 23.03 na 
VACV MVA  27.23 na 28.67 
VACV LE-BN  26.18 na 28.54 
VACV VR15  25.48 na 26.81 
VACV M1  25.02 na 26.26 
ECTV-NU  24.42 na na 
MPXV AP1  20.89 na 22.28 
CLMV CP-19  26.92 na 27.99 
CPXV 81-02  29.19 na 31.72 
CPXV BR  24.68 na 29.01 
* DNA extracted from virus stocks with a medium virus load; # mean value was calculated from triplicates of 
one PCR run; a and b: different stocks of calpox virus resulting in different DNA concentrations; na: no
amplification (CT values > 40); CT: threshold cycle; VACV MVA: Vaccina virus, strain Modified Virus Ankara; 
VACV LE-BN: Vaccina virus, strain Lister-Elstree-Bavarian Nordic, VACV VR15: Vaccinia virus, strain New 
York City; VACV M1: Vaccinia virus, strain M1; ECTV-NU: Ectromelia virus, strain Nuremberg; MPXV AP1: 
Monkeypox virus, strain AP1; CLMV CP-19: Camelpox virus, strain 19; CPXV 81-02: Cowpox virus, strain 81-
02; CPXV BR: Cowpox virus, strain Brighton Red
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Table 7: Variability and efficiency of the calpox virus-specific and OPV-specific real-time PCR assays
Assay Virus Target Variability CT Efficiency 
[%]*
intra-variability# inter-variability+


























* mean value of efficiency was calculated from 3 independent standard curves for plasmids and DNA, 
respectively; CT threshold cycle; # mean value was calculated from triplicates (using plasmids and viral DNA) of 
one PCR run; + mean value was calculated from 3 independent runs (using plasmids and viral DNA) on different 
days 
 Cross reactivity in both assays in the background of samples containing both calpox 
virus and VACV DNA in variable DNA concentrations was tested. A dilution matrix with 
each, a high load of calpox virus and a low load of VACV and vice versa, was tested with 
both assays. The results (table 8) indicated that the Cal assay as well as the OPV assay were 
specific for their respective virus targets and the CT values not influenced by the presence of 
heterologous OPV DNA. 
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Table 8: Determination of genome copies (CT values) for the Cal and OPV assay in mixtures of two OPV DNAs 
Cal assay (CT)* OPV assay (CT) *
Calpox virus 1:10 1:102 1:103 1:10 1:102 1:103
VACV LE-BN 1:10 19.71 23.72 27.34  24.11 24.07 24.47 
1:102 19.88 23.85 27.25  28.61 30.09 31.04 
1:103 19.96 24.15 27.06  35.28 34.93 35.87 
VACV M1 1:10 19.73 23.37 27.53  25.26 26.59 26.44 
1:102 19.43 23.52 26.98  35.55 33.75 35.01 
1:103 19.69 23.75 27.30  37.03 39.96 36.22 
Determination of assay specificity in a mixture of different DNA concentrations of calpox virus, VACV LE-BN 
and VACV M1: 1:101 = DNA was diluted 1:10 in water; 1:102 = DNA was diluted 1:100 in water; 1:103 = DNA 
was diluted 1:1000 in water CT = CT value (threshold cycle); * mean CT value was calculated from triplicate 
measurements of one PCR run; VACV LE-BN: Vaccinia virus, strain Lister-Elstree (Bavarian Nordic), VACV 
M1: Vaccinia virus, strain M1 
4.2 Reproducibility of the natural disease by calpox virus isolated from 
cell culture 
 In order to determine if the isolated virus was capable of inducing a disease comparable 
to that in the natural outbreak observed in the common marmosets colony [165], five 
marmosets (group I) were administered i.v. either with 1.0x107 pfu (animals I-a, I-b and I-c) 
or with 1.3x107 pfu (animals I-d and I-e).
4.2.1 Viral load in blood 
 After i.v. infection a fast progression to severe disease could be observed. All animals 
inoculated i.v. died, between day four and day seven post infection (p.i.) (table 9). To 
determine calpox virus loads, the Cal assay (calpox virus-specific) was used. In general, viral 
genomic DNA which is equivalent to virus genome equivalents [GE] as well as viral mRNA 
as an indicator for actively replicating virus were determined. Calpox virus GE were 
standardized to 1 ml blood and calpox virus mRNA copy numbers were standardized to 106 c-
myc mRNA copy numbers corresponding to approximately 106 blood cells per ml blood. 
Blood samples analyzed at the time of death showed high levels of calpox virus DNA, 
between 1.0x106 and 3.3x109 calpox GE/ml blood (table 9). High levels between 5.1x106 and 
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1.4x108 copies of calpox mRNA per 106 copies c-myc mRNA were determined, indicating 
replication of calpox virus in blood cells. Plasma samples tested for OPV-specific IgM and 
IgG antibodies were negative for all animals, implicating a fast progression of the infection 
leading to death prior to the development of a humoral immune response.  







calpox viral load in blood (in the final stage of disease) #
[GE/ ml blood] [calpox mRNA copies/10
6 c-myc mRNA 
copies]
I a 1.0x107 5 1.0x106 5.1x106
b 7 8.0x108 4.9x107
c 7 6.9x108 2.5x107
d 1.3x107 4 4.2x108* 3.5x107
e 6 3.3x109 1.4x108
# calculation of the copy numbers is based on the mean value of duplicate measurements and a respective 
plasmid standard for each real-time PCR assay; * viral load in serum instead of blood; GE: genome equivalents;  
4.2.2 Clinical symptoms and pathological findings 
 The first clinical symptoms observed were breathing difficulties, languishment and 
anorexia preceding death by only one day. Macroscopic inspection showed that all five 
animals had symptoms comparable to other OPV infections. They had few papular small skin 
lesions with a diameter of 2-3 mm on the face (figure 5A), breast and the inner sides of the 
thighs which often coincided with focal hemorrhages. All marmosets developed lymphatic 
hyperplasia of the spleen and severe lymphadenopathy of submandibular and inguinal lymph 
nodes accompanied by moderate hemorrhages. Acute moderate hemorrhages occurred in the 
intestine of all animals (figure 5B), urinary bladder (animals I-b, I-d), liver (animal I-c), lung 
(animal I-e) and testis (animal I-d). 
 Histological examination showed a multifocal vesicular dermatitis with intradermal and 
subepithelial bleeding in skin and oral mucosa. The dermal alterations were characterized by 
epidermal acanthosis and acantholysis leading to vesiculation (figure 5C). Typical 
intracytoplasmic inclusion bodies were found in degenerated keratinocytes (figure 5C). The 
Guarnieri bodies were of different size and were distributed randomly within the altered 
epithelium. Lymph node inspection showed follicular hyperplasia with activation of the 
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follicle centre, severe necrotizing lymphadenitis and wide area bleeding mainly in the 
submandibular lymph nodes. In the liver diffuse degeneration of the hepatocytes, peracute 
bleeding (animal I-c) (figure 5D) and a beginning necrotizing hepatitis were found. 
Investigation of colon and small intestine indicated severe peracute focal hemorrhages and 
focal erosive enteritis (figure 5E). Severe peracute focal hemorrhages could also be found 
within the testis (animal I-a and I-d) (figure 5F). Minimal focal bleeding, alveolar edema and 
hyperemia were detectable in all lung specimens as well as in heart and kidney tissue.  
Figure 5: Macroscopic examination (A and B) and histological hematoxylin eosin (HE) staining of tissue 
sections (C-F) of i.v. infected marmosets; A) typical skin lesion in the area of the upper lip (indicated by arrow) 
(animal I-a); B) focal hemorrhages (arrow) in the intestine; C) skin area of a typical pox lesion, epidermal 
acantholysis leading to vesiculation, inclusion bodies (arrow) were distributed randomly within the altered 
epithelium; D) peracute bleeding in liver tissue (colored in red) surrounded by healthy liver tissue (colored in 
purple) (animal I-c); E) focal hyperemia and hemorrhages in the colon (colored in red) (animal I-d) and F) focal 
hyperemia and hemorrhages (colored in red) in the testis (animal I-a)
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4.2.3 Viral load in tissues  
 Calpox virus DNA was detectable in all tested tissues (see figure 6A) of the five 
marmosets using quantitative real-time PCR. The number of calpox virus GE copies was 
standardized on 104 cellular c-myc DNA copies (c-myc GE) to compare the same number of 
cells. This allowed a comparison of the viral loads of different tissues within one animal and 
between different animals. Generally, copy numbers for calpox virus genomic DNA varied 
between different tissues but only slightly between the two applied infectious doses. The 
highest levels of calpox virus GE (median >106 calpox GE/104 c-myc GE in all i.v. infected 
marmosets) were found in skin, lung, liver, spleen, lymph node, heart and kidney, the lowest 
calpox GE levels, with medians as little as 104 calpox GE/104 c-myc GE, were found in 
stomach and colon. All other tested tissues had median viral loads between 104 and 106 calpox 
GE/104 c-myc GE (see figure 6A).  
 Actively replicating calpox virus was determined on the basis of viral mRNA, using 
RNA extraction followed by cDNA synthesis and quantitative real-time PCR (figure 6B). 
Viral mRNA copy numbers were standardized on the mRNA copy numbers of the cellular 
gene c-myc. Highest and lowest levels of viral mRNA (median levels of all i.v. infected 
marmosets) were found to correspond to the calpox DNA levels observed in the tissues: in 
skin, lung, liver, spleen, and lymph node >105 calpox mRNA copies/104 c-myc mRNA copies 
could be determined (figure 6B) and tissues with low viral mRNA expression > 102 calpox
mRNA copies/104 c-myc copies were stomach, small intestine and colon. The detection of 
viral RNA in all tissues tested indicated active replication of calpox virus in these tissues.  
 Viral loads of calpox virus DNA (GE) and viral mRNA expression levels were higher 
for some tissues of animals I-d and I-e, which were infected with the higher dose and died one 
to two days earlier than the marmosets I-a, I-b and I-c. However, the detection of high copy 
numbers of viral DNA and mRNA in all tissues indicated a fulminate and generalized 
infection of all infected marmosets by the i.v. route. 
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Figure 6: Determination of calpox virus in different tissues after i.v. infection by real-time PCR; A) calpox virus 
GE/104 c-myc GE ; B) calpox virus mRNA copies/104 c-myc mRNA copies; GE: genome equivalents 
(corresponding to DNA copy numbers); calculation of the copy numbers for calpox virus as well as c-myc is 
based on the mean value of duplicate measurements and a respective plasmid standard for each real-time PCR 
assay; lines indicate the median value for all five i.v. infected marmosets. 
Results 59
4.3 Establishment of a natural inoculation route 
4.3.1 Oropharyngeal inoculation 
 Since the pathology of the naturally occurring infection of marmosets with the calpox 
virus was reproducible by i.v. inoculation, the subsequent step was to compare the course of 
infection of the i.v. application of the virus to a more natural route of infection. Therefore, 
three marmosets (group II a-c) were infected with 1.0x107 pfu by oropharyngeal (oro.) 
inoculation. Only one marmoset (II-c) showed symptoms of an infection and had to be 
euthanized on day 13 because of extreme breathing difficulties. At this time point calpox 
virus GE and mRNA were detectable in the blood of this animal with titers of 3.6x106 calpox 
GE/ml blood and 7.2x105 calpox mRNA copies/106 c-myc mRNA copies (table 10). At no 
time neither OPV-specific IgM nor IgG antibodies were found.  
 Aside from breathing difficulties, no other clinical symptoms were obvious. 
Macroscopic examination showed focal petechial bleeding and alveolar edema in the lung 
together with splenomegaly and follicular hyperplasia of the lymph nodes. The main 
pathological finding was an edema localized in the larynx area with vesicular lesions, leading 
to the destruction of the larynx area which caused the breathing difficulties observed. All 
other organs were without findings. Histological analyses of the larynx and pharynx showed 
necrotizing laryngopharyngitis with multiple Guarnieri bodies in altered mucosal tissue and 
hyperplasia of the epidermis with focal degeneration and acantholysis. Additionally, massive 
bacterial secondary infections were found which had led to a severe inflammation in these 
tissues. In all organs of animal II-c calpox virus could be detected. Highest DNA copy 
numbers with up to 105 calpox GE/104 c-myc copies were found in skin and spleen. Lowest 
DNA copy numbers down to 102 calpox GE/104 c-myc copies were determined for bladder, 
colon and brain. Actively replicating calpox virus was detectable in all organs except for 
esophagus, bladder and small intestine (data not shown).  
 Pathological findings suggested that the marmoset had either a preceding injury in the 
pharyngeal area at the time of infection or was injured during inoculation by pipetting the 
virus on both tonsils. Both other marmosets (II-a and II-b) were found to be healthy with no 
signs of infection. Neither calpox virus in blood nor virus-specific antibodies were detectable 
over a period of 42 days after inoculation.  
The oro. virus application was not able to induce reproducibly a disease comparable to the 
course observed after i.v. infection. Therefore, in the next step, an i.n. inoculation of calpox 
virus, mimicking the natural route of smallpox infection, was investigated. 
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4.3.2 Intranasal infection
 Virus application was performed similar to i.n. infection of mice (G.L. Smith, personal 
communication). Marmosets were narcotized and after laying them on their back, calpox virus 
was administered directly into both nostrils (50 l per nostril). Two marmosets were 
inoculated with 2.3x106 pfu (group III) and two marmosets with 3.5x105 pfu (group IV) (table 
10). The i.n. infection induced a lethal disease in all animals. Three animals died nine and the 
fourth ten days after inoculation.  







viral load in blood 
[calpox GE/ml blood]/[calpox mRNA copies/106 c-myc mRNA 
copies] #
day 7 p.i. at death 
II a 42 nd/nd nd/nd





III a 10 nd/5.0x103 4.0x106/3.8x107
b
2.3x106
(i.n.) 9 4.0x105/4.5x107 1.4x108/5.8x107
IV a 9 1.7x105/1.4x107 9.7x107/1.2x108
b
3.5x105   
(i.n.) 9 8.9x104/6.9x106 3.6x107/3.1x108
* route of infection: oro.: oropharyngeal, i.n.: intranasal; nd: not detectable, the detection limits of the Cal assay 
and the c-myc real-time PCR assay are 10 copies; GE: genome equivalents; p.i.: post infection; # calculation of 
the copy numbers is based on the mean value of duplicate measurements and on a respective plasmid standard 
for each real-time PCR assay 
4.3.2.1 Viral load in blood 
 Blood samples were taken on day seven p.i. and at the time of death. At day seven p.i., 
calpox virus DNA was detected by real-time PCR in three out of four animals (III-b, IV-a, 
IV-b) with viral loads between 1.7x105 and 8.9x104 calpox GE/ml blood (table 10). Calpox 
virus mRNA were detected on day seven p.i. in all four marmosets, with loads between 
5.0x103 and 4.5x107 calpox mRNA copies/106 c-myc mRNA copies. At this time point none 
of the animals showed apparent clinical symptoms. Animals III-b, IV-a and IV-b died on day 
nine p.i. with final viral loads between 3.6x107 and 1.4x108 calpox GE/ml blood and 5.8x107
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to 3.1x108 calpox mRNA copies/106 c-myc mRNA copies. Animal (III-a) which was calpox 
virus DNA negative on day seven p.i. died on day ten, with 4.0x106 calpox GE/ml blood and 
3.8x107 calpox mRNA copies/106 c-myc mRNA copies (table 10). All four marmosets 
reached similar final viral loads in blood independent of the infectious doses. Neither IgM nor 
IgG OPV-specific antibodies could be detected in plasma samples of these marmosets until 
death.
4.3.2.2 Clinical symptoms and pathological findings 
 First clinical signs of infection appeared one to two days before death and were 
identical to i.v. infected animals (breathing difficulties, languishment and anorexia). Also 
macroscopic findings were similar to those of the i.v. infection, with symptoms in the upper 
respiratory tract and the lymphatic system accompanied by nasal discharge. All animals had 
pathological findings like edema in the mediastinum of the chest cavity and the larynx area 
(figure 7A), moderate purulent mediastinitis, splenomegaly, alveolar edema in the lung, 
edema in tonsils, lymphatic hyperplasia with focal bleeding and peracute necrosis (lymph 
node axillaris, inguinalis and submandibularis). Small sporadic pox-like lesions distributed on 
face, abdomen (figure 7B) and thighs were found in the skin except for animal III-a. These 
pathological findings indicated a systemic infection. Histological staining of the tissues 
revealed typical skin alterations characterized by focal vesicular dermatitis, syncytia 
formation and Guarnieri bodies. Minimal hemorrhage but severe hyperemia could be found in 
lung and liver. All other tissues were without specific pathological findings. 
Figure 7: Typical macroscopic findings after i.n. infection of calpox virus; (shown for marmoset III-b); A) focal 
vesicular dermatitis in the face (focal papulation at the right ala of the nose) and hemorrhagic edema in the 
larynx area (both indicated by arrow) B) typical skin lesions in the breast area (indicated by arrow)  
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4.3.2.3 Viral load in tissues 
 Viral load in tissue samples of all animals showed similar virus distribution and final 
viral loads compared to the i.v. infection experiments (chapter 4.2.), with highest loads of 
calpox DNA in skin, lung, spleen, lymph node, esophagus and tonsils (above 105 calpox 
GE/104 c-myc GE) in all i.n. infected animals. Lower viral loads were found in heart, kidney, 
stomach, bladder, small intestine, colon and brain (down to 102 calpox virus GE/104 c-myc
GE). Calpox virus mRNA was detected in all tissues tested, indicating active replication of 
calpox virus in these tissues. The highest virus expression was found in spleen and lymph 
nodes (above 105 calpox mRNA copies/104 c-myc mRNA copies). Lowest expression levels 
were determined in stomach, small intestine, colon and brain with as little as 102 calpox 
mRNA copies/104 c-myc mRNA copies. With both infectious doses used for i.n. infection, 
similar distributions of viral DNA and mRNA were found.
 Using the i.n. route of infection a disease, with OPV symptoms and a lethal outcome, 
could be established in marmosets. Final viral loads of calpox virus DNA and mRNA in 
blood as well as in tissues indicated a systemic viremia and generalized infection. The 
successful induction of disease via a route of infection that resembles the natural way of 
transmission of VARV constituted a keystone in the development of this animal model as a 
model for smallpox disease. 
4.4 Determination of calpox virus lethal dose 
 Having proved that calpox virus induced a lethal infection in marmosets with 
characteristic symptoms after both i.v. and i.n. inoculation, further experiments were 
performed using the i.n. inoculation route. To determine the MID50 (the amount of infectious 
virus that leads to the death of 50% of the infected animals), four additional groups (V-VIII) 
of each two marmosets were inoculated with decreasing doses of calpox virus (table 11). 
4.4.1 Survival depending on the viral dose and calculation of the MID50
 Group V was infected with 3.5x104 pfu. Continuously increasing calpox virus load was 
detected in blood from day seven p.i. on. Both animals died on day 14 (figure 8) with high 
viral loads  109 calpox GE/ml blood and 108 calpox mRNA copies/106 c-myc mRNA copies 
(details table 11). In the two marmosets of group VI, inoculated with a ten times lower virus 
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dose (3.5x103 pfu), calpox virus genomic DNA was first detectable in the blood of animal VI-
a on day seven. On day ten calpox virus DNA was found in the blood of both animals (VI-a 
and VI-b). Both marmosets died on day 14 with final viral loads  107 calpox GE/ml blood 
(VII-a) (table 11). The last two groups (VII and VIII) were infected with 5x102 pfu (group 
VII) and 1x102 pfu (group VII). Only one (VII-a) out of four marmosets became infected and 
calpox virus could be detected in blood on day seven. The virus load increased continuously 
until day 14 when the marmoset died. The final calpox virus DNA load in this animal was 
1.3x108 calpox GE/ml blood (table 11). The other three animals did not develop any 
symptoms and survived 42 days, when they reached the pre-determined end of the study time 
frame. At no time point virus-specific IgM or IgG antibodies could be detected in these three 
animals. The surviving marmosets (VII-b, VIII-a, VIII-b) were re-inoculated with 5x102 pfu 
of calpox virus. Animal VIII-a was successfully infected, and calpox virus genomic DNA was 
found in blood from day seven on. It died on day 14 with a final viral load of 3.6x107 calpox 
GE/ml blood (table 11), showing the whole spectrum of OPV clinical symptoms. Animals 
VII-b and VIII-b showed no clinical signs of infection after 28 days. Neither calpox virus 
DNA/RNA nor virus-specific antibodies were detectable at any time point. These animals 
(VII-b and VIII-b) were inoculated with calpox virus for a third time, with a dose of 3.5x103
pfu. One (VII-b) out of these two marmosets showed calpox virus DNA  on day seven which 
then further increased to high final virus DNA copy numbers of 2.1x109 calpox GE/ml blood 
on day 12 (death of animal VII-b). Animal VIII-b survived without developing any clinical 
symptoms and no calpox virus was detectable in blood or tissue. Furthermore, no virus-
specific IgM and/or IgG antibodies were detectable during the observation period. The lack of 
OPV-specific findings in macroscopic and histological examinations confirmed that this 
animal was not infected. 
 Using the VACMAN 3.1 program [200], the MID50 of calpox virus was calculated. This 
program is generally used for statistical analysis of primate trials working with small animal 
numbers as well as virus dilutions other than 1:10 for virus titration. Standard statistical 
analysis programs do not take into account the effect of all the experimental errors incurred 
here, like dilution, virus stability or conspicuous variation between animals. The titration of 
the calpox virus used for infection resulted in a smallest infecting dose (SID) of 5x102 pfu 
(2/5 died) corresponding to a virus stock dilution of 1:700. Hence, 8.3x102 pfu are equivalent 
to one MID50 which is much lower compared to the MID50 used in other primate models.  
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Table 11: Calpox viral load in blood and survival after i.n. infection with different doses  of calpox virus 







viral load in blood
[calpox GE/ml blood]/
[calpox mRNA copies/106 c-myc mRNA copies]§
day 7 day 10 day 14
V a 3.5x104 14 14 9.5x103/3.2x104 3.3x106/2.9x108 1.3x109/3.5x107
b 11 14 1.5x104/2.2x105 1.3x107/3.2x108 2.2x109/2.1x108
VI a 3.5x103 11 14 1.1x104/5.6x104 4.4x105/2.7x104 2.8x107/1.9x108
b 14 14 nd/nd 1.3x1047.9x105 3.5x107/1.1x108
VII a 5.0x102 14 14 2.7x102/7.3x102 3.1x102/2.6x105 1.3x108/7.3x107
b none 42a nd/nd nd/nd nd/nd a
VIII a 1.0x102 none 42a nd/nd nd/nd nd/nd a
b none 42a nd/nd nd/nd nd/nd a
1st re-inoculation
*VII b 5.0x102 none 28b nd/nd nd/nd nd/nd b
*VIII a 14 14 1.9x105/1.7x105 1.5x105/2.8x106 3.6x107/1.1x107
*VIII b none 28b nd/nd nd/nd nd/nd
2nd re-inoculation
day 7 day 12 day 14
**VII b 3.5x103 10 12 4.4x104/4.2x106 2.1x109/2.8x106 †
**VIII b none 28b nd/nd nd/nd nd/ndb
# no.: animal number, a virus negative until day 42 p.i. (pre-determined end of experiment) b virus negative 
until day 28 p.i. (pre-determined end of experiment); * first re-inoculation, **second re-inoculation; §
calculation of the copy numbers for calpox virus as well as c-myc is based on the mean value of duplicate 
measurements and a respective plasmid standard for each real-time PCR assay; †: animal already dead; nd: not 
detectable; the detection limit for the Cal and c-myc assay were   10copies per run; GE: genome equivalents 
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Figure 8: Kaplan Meyer plot of survival of marmosets infected intranasally with four different doses of calpox 
virus; percent survival post infection (p.i.)  
4.4.2 The loss of body weight – a clinical prognostic marker for calpox virus infection? 
 The loss of body weight during an OPV infection in mice is a sensitive marker for the 
progression of the disease [201]. To test whether this may also be attributable to the calpox 
virus/marmoset model, body weight was determined twice a week at the same time when 
blood samples were taken. Daily examination of the body weight was not performed in an 
attempt to avoid additional stress with a potential effect on the body weight. Maximum 
weight loss was monitored in animals VI-b with 8.3 % and VII-b with 6.4 %. The body 
weight of all other animals varied in the range of ± 6.4 % from their initial body weight, 
independent of the infectious dose. These minor changes in body weight may be due on the 
short time frame between the onset of clinical symptoms and the noticeable loss of appetite 
just two days before death. Also, there was no placebo-infected control group and therefore 
these measurements could not be compared to body weight changes in the controls. The small 
changes in weight and the very short time frame in which the loss of appetite occurred render 
‘weight loss’ unlikely to be a valuable clinical marker for the progression of calpox virus 
infection in common marmosets.  
4.4.3 Clinical symptoms and pathological findings in animals inoculated with different 
doses of calpox virus 
 All marmosets that were infected died one to two days after the onset of clinical 
symptoms, a characteristic observed for all infections. After the onset of symptoms no 
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recovery from the disease could be observed independent of the infectious dose. All infected 
animals developed symptoms like sneezing, breathing difficulties, skin lesions, hemorrhagic 
edema in the larynx area, facial edema and severe lymphadenopathy.  
 Pathological findings were similar to the previous i.v. and i.n. infection experiments. 
Hemorrhagic hyperplasia, focal bleeding sites, inflammation processes and necrotizing 
lymphadenitis were typical for lymph nodes. Guarnieri bodies were found in skin, larynx, oral 
mucosa and in mucosa of the genitals. The larynx also showed focal bleeding and edema in 
muscle fiber tissue. In the lung, sub-acute interstitial pneumonia with formation of lymphatic 
inflammatory cell infiltrate was found. All animals showed the most substantial changes in 
tissues of the pharynx which seemed to be the primary area of virus manifestation. 
Macroscopic and histological examinations provide proof of a systemic infection in all 
infected marmosets.  
 Immunohistochemical (IHC) staining and electron microscopy (EM) of different tissues 
were performed to investigate the presence and localization of calpox virus in tissues. Both 
methods confirmed calpox virus infected cells in different tissue types. Calpox virus antigen 
was detected in spleen, lung, liver, salivary gland and lymph nodes using IHC staining (figure 
9). EM examinations showed immature and mature virus particles, for example in spleen and 
liver tissue (figure 10).
Figure 9: Immunohistochemical (IHC) staining of tissues after i.n. infection using human anti-VACV 
immunoglobulin (Omrigam 5 %) and anti-human IgG-AP-labeled antibody; A) focal vesicular dermatitis and 
staining of calpox virus antigen (colored in brown) (marmoset VI-b, infected with 3.5x103 pfu); B) staining of 
calpox virus antigen (colored in brown) in sebaceous gland (marmoset VII-a, infected with 5x102 pfu), C)
staining of calpox virus antigen (colored in brown) in liver cells surrounded by uninfected cells (colored in blue) 
(marmoset VIII-a, infected with 5x102 pfu); calpox virus infected cells are colored in brown and are further 
indicated by arrows 
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Figure 10: Electron microscopic micrographs of mature and immature calpox virus particles in different tissues 
of animal V-b; A) immature virus particles in liver tissue; B) mature virus particles in lung tissue and C)
immature virus particles in spleen tissue; arrows indicate virus particles; all electron micrographs were taken 
with the help of Dr. A. Kurth (RKI, Berlin) 
  
 However, all animals that had been inoculated with calpox virus and survived showed 
no signs of infection. They were clinically healthy, and neither calpox virus DNA nor mRNA 
nor seroconversion was detectable. 
  
4.4.4 Viral load in tissues of animals inoculated with different doses of calpox virus 
 Using real-time PCR, high levels of calpox virus DNA were detectable in all tissues of 
all infected marmosets. For all groups (except for group VIII in which all animals were 
inoculated but not infected) viral loads above 106 calpox GE/104 c-myc copies were found in 
skin, spleen and lymph nodes of all animals at the time of death. The lowest GE number was 
measured in heart, stomach, bladder, small intestine, colon and brain in all groups (under 103
copies) (data not shown). Detection of viral mRNA indicated actively replicating calpox virus 
in all tissues with the same distribution as calpox virus DNA. In summary, independent of the 
infectious dose, viral DNA and viral gene expression were highest in lymphatic tissues and 
tissues of nasopharynx and respiratory tract in all infected marmosets, whereas lowest copy 
numbers were found in tissues of the digestive tract.  
 Infectious viral particles were determined using the plaque assay. For this purpose the 
same tissue homogenates were used as for real-time PCR. Infectious calpox virus could be 
detected in all tissues analyzed. However, the infectious virus titers were about 3 to 5 logs 
lower than the number of GE measured by real-time PCR (figure 12A, animal VI-a infected 
with 3.5x103 and VII-a 5x102 pfu exemplarily for the respective group). The proportion of 
infectious calpox virus to viral genomic DNA (GE) within a tissue was comparable 
independent of the virus dose used for infection.
Results 68
4.4.5 Infectious virus in saliva in animals inoculated with different doses of calpox 
virus
 To investigate whether virus transmission could occur via droplets from aerosolized 
saliva, throat swabs were collected simultaneously to blood samples and analyzed for 
infectious calpox virus using the plaque assay. The appearance of calpox virus in salvia was 
approximately three days delayed compared to virus appearance in blood. Infectious calpox 
virus could be detected ten days p.i. in saliva of all animals except for marmoset V-a where 
calpox virus was detectable already on day seven p.i.. Calpox virus titers further increased 
reaching its highest titers at the time of death (figure 12B). The amount of infectious virus per 
throat swab was difficult to normalize because the volume of saliva collected could not be 
quantified (saliva in throat swab was resolved in 300 l D-MEM medium). In addition, 
collected saliva was not cell-free and in consequence cell-bound virus might have been co-
detected. These results underline a potential virus transmission from animal to animal via 
virus-containing droplets as described for naturally occurring smallpox infections. 
4.4.6 Antibodies in plasma of animals infected with different doses of calpox virus 
 For immunological analysis plasma samples were routinely screened for virus-specific 
IgM and IgG antibodies, but only three out of eight marmosets (VI-a, VI-b and VII-a) showed 
seroconversion with maximal titers of IgM antibodies of 1:80 (figure 11) only detectable at 
the time of death. For none of the animals IgG antibodies were detected. Supposedly, all 
infected animals died before the development of a specific IgG antibody response.  
Figure 11: Determination of virus-specific IgM antibodies in the serum of infected marmosets at the time of 
death (day 14 p.i.) for different infectious doses. Calpox virus infected Hep2 cells were incubated with serum 
(1:10 diluted) and visualized with anti-human IgM-FITC labeled antibody 1:63 magnification; A) negative 
serum, B) animal VI-a, C) animal VII-a; virus antigens in the cytoplasm of infected cells are indicated by arrows
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Figure 12: Detection of calpox virus in tissues and saliva; A) comparison of infectious calpox virus titer and 
calpox virus GE per ml tissue homogenate for two animals infected with 3.5x103 (VI-a) and 5.0x102 pfu (VII-a) 
(line indicates the median value for animal VI-a and VII-a); for real-time PCR: calculation of the copy numbers 
for calpox virus is based on the mean value of duplicate measurements and a respective plasmid standard; B)
infectious calpox virus in saliva (normalization approximated by using throat swab as the denominator) 
compared to viral genome equivalents (GE) in blood (during course of infection) for three different infectious 
doses (group V: 3.5x104, VI: 3.5x103 and VII: 5.0x102 pfu) 
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4.5 Infection of mice with calpox virus via intranasal inoculation 
 To further characterize the calpox virus in respect to its host range and pathogenicity in 
other animals, BALB/c mice as a common animal model for OPV infections were inoculated 
i.n. with 1x107, 1x106 and 1x105 pfu (in 2x30 l) of calpox virus (six mice each) to clarify its 
virulence in mice. A control group was inoculated with a lethal dose of 5x105 pfu of VACV 
strain Western Reserve (VACV WR) and a further group was inoculated with 2x30 l of PBS 
and served as negative control. Changes in body weight and typical signs of illness (SOI) like 
extensive ruffled fur, arched back, respiratory distress and reduction in motility as clinical 
markers for the disease progression were recorded daily during a period of 42 days.  
 Mice infected with 1x107 pfu of calpox virus showed a significant reduction in body 
weight over the course of the infection (figure 13A). The first weight loss was measurable on 
day seven p.i., which further increased until day 13 with a peak of loss of 20 % of the initial 
body weight. After 14 days p.i. all mice gained weight, rebounding to initial weights on day 
27. The group that was infected with 1x106 pfu of calpox virus showed a marginal reduction 
of body weight of  3 % between day nine and 16 p.i.. The third group, infected with 1x105
pfu of calpox virus as well as the PBS control group showed no significant loss of body 
weight during the observation time. Statistical analysis (table 12) using the Wilcox rank-sum 
test indicated a statistically significant reduction of the body weight after the infection with 
1x107 and 1x106 pfu of calpox virus (p-value 0.0022) compared to the PBS control group. 
Mice infected with VACV WR showed rapid decrease of body weight from day three p.i. 
onwards. A peak of loss of 30 % of initial weight was reached already between days seven 
(two mice out of six) and eight (four mice out of six) when animals were sacrificed due to 
their bad health conditions.  
 In addition, the observed SOIs correlated with the loss of body weight (figure 13B). For 
mice infected with calpox virus only the 1x107 infected group showed moderate signs at day 
seven p.i., which then deteriorated (ruffled fur and arched back) until day 13. All SOIs 
disappeared until day 18, nine days before the initial body weight was restored. The groups 
infected with 1x105 and 1x106 pfu of calpox virus as well as the PBS control group showed 
no signs of infection at any time. In contrast, the VACV WR-infected mice developed severe 
SOIs including pneumonia, shaking, huddled appearance, extensive ruffling and reduced 
mobility between day five and eight (euthanization).  
 Compared to VACV WR, calpox virus infection was less pathogenic in mice, since all 
inoculated mice survived even when inoculated with a high viral infectious dose of 107 pfu.
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Figure 13: Intranasal infection of mice with calpox virus; A) changes in body weight (+ scarification of mice) 
and B) monitored signs of illness (SOI) during infection (0= healthy, 1= ruffled fur, 2= 1+ arched back, 3= 2+ 
respiratory distress, reduced motility, 4= 3+ diminished mobility); VACV WR: Vaccinia virus, strain Western 
Reserve 
Table 12: Statistical analysis of body weight loss in calpox virus-infected mice using the Wilcoxon rank-sum test 
group n mean1 SD2 95 % -CI3 min max p-value4
PBS control 6 76.0 5.91 69.8 82.2 68.6 85.6 / 
VACV WR control 5x105 6 -679.9 18.12 -698.9 -660.8 -704.6 -654.2 0.0022 
Calpox virus 105 6 58.2 20.02 37.2 79.2 31.2 82.8 0.0931 
Calpox virus106 6 34.4 24.18 9.0 59.8 3.2 64.6 0.0022 
Calpox virus107 6 -26.2 20.63 -47.9 -4.6 -51.5 8.0 0.0022 
1 – mean AUC (area under the curve), 2 – standard deviation, 3 – 95% confidence limits, 4 – comparison with 
PBS control group  
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4.6 Infection of common marmosets with CPXV strain 81-02 via 
intranasal inoculation 
 To investigate whether other species of the OPV genus, besides calpox virus, have the 
ability to induce a severe disease in marmosets CPXV was used because calpox virus is 
phylogenetically closely related to other CPXV strains. Therefore, two marmosets (group XII) 
were infected with 5x105 pfu of CPXV strain 81-02 by i.n. inoculation, in order to compare 
the pathogenicity and pathology to calpox virus. In the calpox virus/marmoset model this 
virus dose induced a lethal infection within nine days. 
 After inoculation CPXV DNA was detected in blood using the generic OPV real-time 
PCR not earlier than day 11 with viral loads of 1.6x104 (XII-a) and 4.4x103 (XII-b) CPXV 
GE/ml blood which further increased until day 18 p.i.. CPXV expression levels were similar 
in both marmosets and could be detected from day seven p.i. onwards. Infectious CPXV was 
also detectable in saliva from day seven (marmoset XII-a) and day 11 (marmoset XII-b) 
onwards, which further increased to final virus titers of 2.8x106 (XII-a) and 1.1x103 pfu/throat 
swab (XII-b) on day 18. As mentioned before, viral loads in saliva and blood were not 
directly comparable, but the progression over time was similar. Eighteen days after infection 
the experiment had to be terminated due to technical problems regarding animal husbandry. 
At the time of euthanization tissue samples of three organs (lung, liver and spleen) were 
taken. For both marmosets CPXV DNA as well as mRNA could be detected in these tissues. 
Standardization of CPXV copy numbers on 104 c-myc copies resulted in copy numbers 
between 1x105 and 8x106 CPXV GE/104 c-myc GE for animal XII-a and 1x102 and 6.5x102
CPXV GE/104 c-myc GE for animal XII-b for all three organs. Viral expression could also be 
detected in all three tissues of both animals with similar distribution in comparison to virus 
GE.
 CPXV strain 81-02, applied i.n., displayed in comparison to infection with comparable 
doses of calpox virus a reduced viral load in marmosets together with a delayed detection of 
virus in the blood. In the blood of CPXV infected animals the viral load was approximately 
two to three log steps lower compared the to viral loads in calpox virus infected animals 
(comparing same time points after infection). Additionally, CPXV infected animals were still 
alive at day 18 p.i. and might even have survived the CPXV infection if the experiment did 
not have to be terminated through euthanization due to technical reasons. Marmosets infected 
with a comparable dose of calpox virus died on day nine p.i.. These preliminary data indicate 
that a classical CPXV (CPXV 81-02) is less pathogenic in marmosets than the calpox virus.  
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4.7 Immunization with Vaccinia virus Lister-Elstree (VACV LE-BN) and 
challenge with 10 MID50 of calpox virus  
 VACV LE-BN is one of the classical vaccines which was used in the smallpox 
eradication campaigns. To evaluate how suitable the newly established primate model is for 
the testing of vaccines, marmosets were immunized with 1x105 pfu (in 3 l) of VACV LE-
BN, using the multi-puncture method with standard bifurcated needles identical to the 
technique used for immunization of humans. The titer of the VACV LE-BN vaccine was 
determined using the plaque assay and resulted in the expected final titer of 3.3x107 pfu/ml. 
The first group (IX) was challenged with calpox virus, four weeks after immunization, and 
the second group (X) ten weeks after immunization. All animals were challenged i.n. with 10 
MID50 of calpox virus (8.3x103 pfu). Non-immunized control marmosets (XI) were infected 
accordingly. Each group consisted of two marmosets except for the challenge control group 
with four marmosets. To validate the reliability of the results using such small animal 
numbers per group, the immunization experiment was repeated using same conditions with 
the exception of group X, which for technical reasons was challenged already after nine 
weeks instead of ten weeks, and only two control animals were infected instead of four.  
4.7.1 Signs of successful immunization 
 After immunization the typical “vaccine take” with the development of a skin lesion at 
the site of immunization was detected in all immunized marmosets (figure 14). The skin 
lesion developed at day four to seven post immunization (p.im.) and reached a maximal size 
of about 1 cm in diameter two weeks p.im.. During the healing processes the size of the skin 
lesion began to decrease. After about four weeks the skin lesion had fully disappeared. No 
other clinical symptoms were observed after inoculation of VACV LE-BN.  
 After immunization VACV LE-BN DNA and mRNA were detected in the blood of all 
immunized animals except for animal IX-d, using the OPV real-time PCR assay (figure 16A). 
VACV LE-BN DNA was found as early as day seven p.im. in five out of eight animals and 
VACV LE-BN mRNA in six out of eight animals. Peak levels of DNA and mRNA copies in 
the blood were seen at day 14 p.im. (around 104 OPV GE/ml blood). VACV LE-BN was 
finally cleared from the blood 21 days p.im. and no circulating VACV LE-BN was detectable 
in the blood of all immunized marmosets at the time of challenge with a lethal infectious dose 
of calpox virus (10 MID50).
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 To further characterize the course of immunization, saliva was taken (throat swabs) and 
analyzed for infectious VACV LE-BN particles (table 13). Only in four out of eight 
marmosets infectious VACV LE-BN was detectable as late as day 14 p.im. with low titers 
between 1.3x101 and 5.5x103 pfu/throat swab. In all other marmosets no infectious virus 
could be detected at any time. 
Figure 14: Progression of the skin lesion at the site of immunization; days after immunization are indicated with 
‘d’ in the upper left corner of each picture, scale is stated in cm 
4.7.2 Animal survival after challenge  
 None of the marmosets (four out of four animals) that were challenged with 10 MID50
of calpox virus nine or ten weeks p.im. (group X) developed clinical symptoms and were fully 
protected against the lethal infection (figure 15). In contrast, immunized animals challenged 
already four weeks p.im. (group IX) showed only a very limited protection. One out of four 
marmosets survived, but three marmosets died within 21 to 38 days post challenge (p.ch.). 
Although having a fatal outcome, the onset of symptoms as well as the time of death occurred 
was significant delayed compared to the non-immunized marmoset controls which died 
between day 12 and 15 p.ch.. These findings indicate that a period of four weeks is critical for 
the development of an effective protection against a lethal calpox virus infection after 
immunization.  
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Figure 15: Kaplan Meyer plot of the survival of immunized and non-immunized marmosets after a lethal 
challenge with calpox virus; p.ch.: post challenge 
4.7.3 Clinical symptoms and pathological findings after challenge 
 Clinical symptoms found in non-immunized animals (group XI) were similar to the 
above described disease progression for i.v. and i.n. infection. The onset of clinical symptoms 
of the three animals that died in group IX (challenged four weeks p.im.) was clearly delayed, 
and although the clinical picture was generally not as severe as in the control animals, death 
followed within 21 to 38 days. Macroscopic examination revealed that immunized animals 
developed only few skin lesions whereas non-immunized marmosets developed multiple skin 
lesions distributed over the body (face, breast, tail and genital area) and hemorrhages in skin 
areas of neck, breast, abdomen, inner thighs and mandible as well as edema with focal and 
petechial bleeding in the larynx. Moreover, these marmosets developed splenomegaly. Lymph 
nodes in regions corresponding to the skin lesions were marked by severe lymphatic 
hyperplasia. Surviving marmosets showed no clinical symptoms at any time during the 
infection.
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4.7.4 Calpox viral load in the blood of challenged animals 
 The delayed onset of the disease as well as the severity of the disease in marmosets 
challenged four weeks p.im. and the complete protection of all marmosets challenged nine to 
ten weeks p.im. were reflected by the development of the calpox viral load in the blood of 
these animals. 
 Compared to non-immunized control animals (group XI), in the blood of group IX 
(challenged four weeks p.im.) calpox virus became detectable four to ten days delayed and in 
animals of group X (challenged nine to ten weeks p.im.) three to ten days delayed (figure 
16B). In addition, at the time of death final copy numbers of calpox virus DNA and mRNA 
were reduced by a factor of two to four log scales in immunized animals compared to the final 
viral loads of non-immunized animals (XI) (figure 16B).  
 However, in group IX (challenged four weeks p.im.) calpox virus DNA was not 
detectable before day 14 p.ch. (IX-a and IX-b) or day 17 p.ch. (IX-c and IX-d) with copy 
numbers between 5.6x102 and 9.4x104 calpox GE/ml blood. From then onwards, viral load 
further increased until death. In the blood of animals IX-a, IX-b and IX-c final copy numbers 
between 3.1x104 and 6.4x108 calpox GE/ml blood were determined. Calpox virus copy 
numbers in the blood of the only surviving marmoset of group IX (IX-d) remained on the 
level of approximately 1x104 GE/ml blood until the virus was finally cleared from blood after 
day 28 p.ch..
 In marmosets challenged nine to ten weeks p.im. (group X) calpox virus was detectable 
in the blood from day ten p.ch. (X-c), day 14 p.ch. (X-a) and day 17 p.ch. (X-d) onwards, 
with viral loads between 8.2x102 and 1.5x104 calpox GE/ml blood. For animal X-c the viral 
load further increased until day 17 p.ch. Calpox virus was fully cleared from the blood of all 
three animals (X-a, X-c and X-d) after day 17 p.ch.. Only in the blood of animal X-b no 
calpox virus could be detected at any time during infection. All four marmosets remained 
healthy and survived the challenge.  
 Calpox virus was detectable in all non-immunized control marmosets (group XI) as 
early as day seven p.ch. (in two out of six animals) and then rapidly increased towards death 
to final copy numbers up to 9x108 calpox GE/ml blood (days 12 to 15 p.i.; figure 16B).  
 Copy numbers of calpox virus mRNA also support active virus replication and showed 
a similar distribution to viral DNA in all animals (data not shown). In summary, all six non-
immunized marmosets rapidly died with high viral loads in their blood whereas marmosets 
challenged four weeks p.im. (group X) died later, with lower final virus loads.  
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Figure 16: Viral load in blood determined by real-time PCR; A) VACV LE-BN viral load in blood after 
immunization and B) calpox virus viral load in blood after challenge; group IX: challenged four weeks after 
immunization; group X: challenged nine to ten weeks after immunization, group XI: non-immunized animals; 
filled symbols: animals of the first experiment; open symbols: animals of the second experiment; # time of 
death, p.im.: post immunization; p.ch.: post challenge 
4.7.5 Changes in body weight after challenge 
 Although the monitored changes in body weight during titration experiments (see 4.4.2) 
were minimal, body weight was monitored during the immunization experiments, because the 
clinical course of the calpox virus-induced disease in immunized animals has never been 
described before. After immunization no significant changes in body weight could be 
observed (data not shown), but after challenge a loss in body weight could be seen in both 
immunized groups. Thus, the body weight at the time point of challenge was set as 100 % and 
changes were monitored during challenge.  
 Two animals of group IX lost less than 5 % of their initial weight (IX-c and IX-d). But 
animals IX-a and IX-b showed a significant loss of the body weight beginning around day 15 
p.ch. and reaching the maximum at the time of death with approximately 15 % loss of body 
weight (figure 17A). Marmosets of group X showed a similar course (figure 17B). X-b 
showed a maximal weight loss of 6.2 % at day 17 p.ch. and X-d a maximal weight loss of 
12.5 % at day 24 p.ch.. Both other animals, X-a and X-c, even gained weight. Body weight of 
non-immunized control animals remained stable except for animal XI-a which lost 8 % of 
initial body weight (figure 17B).  
 In summary, the maximum weight loss of 15 % for immunized animals was higher than 
for non-immunized animals. But still high variation in body weight within one group could be 
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observed. It seems that the change in body weight is not a good clinical marker for the course 
of the disease but it could be adducted.  
Figure 17: Changes in body weight after challenge with calpox virus in A) marmosets challenged four weeks 
after immunization and B) marmosets challenged nine to ten weeks after immunization; XI-a – XI-d: non-
immunized marmosets, p.ch.: post challenge; # last measurement before death 
4.7.6 Detection of infectious calpox virus in saliva after challenge 
 After challenge infectious calpox virus could be detected in the saliva of all non-
immunized animals as early as day seven p.ch. (table 13) which increased until death to a 
maximal titer of approximately 4x104 pfu/throat swab. In saliva of group IX infectious calpox 
virus was first detectable between day ten (IX-c), 17 (IX-b) and 21 (IX-a) p.ch. which then 
further increased until death to approximately 2x104 pfu/throat swab (titer similar to control 
animals). For animal IX-d no calpox virus could be found after challenge. In group X in three 
out of four marmosets no infectious calpox virus could be detected. Only in saliva of animal 
X-c infectious calpox virus could be measured at day 17 p.ch.. The presence of calpox virus 
































































































































































































































































































































































































































































































































































































4.7.7 Calpox viral load in tissues of not protected marmosets 
 After death, tissue samples were analyzed for calpox virus using real-time PCR and 
plaque assays using the same tissue homogenate. Genome copy numbers (GE) and infectious 
virus titers (pfu) were standardized to one ml of tissue homogenate.  
 Immunized but not protected marmosets showed the highest DNA copy numbers of up 
to 108 calpox GE/ml tissue homogenate in skin, lung, lymph node inguinalis, trachea and 
bone marrow. Copy numbers as low as 104 calpox GE/ml tissue homogenate were found in 
kidney, bladder, small intestine, colon, brain, uterus and vagina. Compared to virus genome 
copy numbers, the infectious virus titer (pfu/ml tissue homogenate) was much lower in all 
organs (range 101 to 105 pfu/ml tissue homogenate) as already seen in previous i.n. infections. 
Surprisingly, no infectious calpox virus could be detected in stomach, bladder, small intestine, 
colon, brain, uterus and vagina. 
 Distribution of genome equivalents and infectious virus in non-immunized animals 
(group XI) was similar to previous i.n. infections in which calpox virus could be detected in 
all tissues with up to 109 calpox GE/ml tissue homogenate and infectious virus with up to 106
pfu/ml tissue homogenate. 
4.7.8 Humoral immune response to VACV LE-BN and calpox virus 
 The seroconversion in immunized animals was followed with the help of 
immunofluorescence assays (figure 18). OPV-specific IgM antibodies could be detected 
between day 11 and day 21 p.im. with titer peak levels of 1:100 in all marmosets. The 
development of IgG antibodies is shown in figure 19A/B. OPV-specific IgGs became 
detectable in all immunized animals within two weeks p.im., Maximal IgG titers at day 21 
p.im. varied between 1:100 to 1:1000. 
 At the time of challenge the antibody titers of all immunized animals were comparable 
(between 1:100 and 1:200) independent of the time p.im.. Three weeks after the challenge the 
IgG antibody titers of all immunized marmosets were boostered three- to fivefold (figure 19). 
The highest IgG titers were determined for animals IX-c, IX-d, X-c and X-d (second 
immunization experiment) with titers between 1:2000 and 1:8000 (at the endpoint: death or 
end of experiment) compared to endpoint IgG titers of 1:500 for animals of the first 
immunization experiment. All non-immunized control marmosets showed only OPV-specific 
IgM titers (between 1:10 and 1:80) but no IgG antibodies at the time of death.  
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 Neutralizing antibodies were detectable from day 21 p.im. onwards. At the time of 
challenge neutralizing antibody titers varied between 1:10 and 1:80 in all immunized animals 
(figure 20). After challenge the neutralizing antibody titer in group IX was found to increase 
slightly to 1:80 in the surviving animal IX-d only. The final neutralizing antibody titer in 
animals of group X, which all survived the challenge, was 1:80 in animals X-a and X-b (first 
experiment) and 1:160 in animals X-c and X-d (second experiment). The very limited plasma 
volumes did not allow multiple repetitions of the PRNT assays. 
Figure 18: Detection of IgG antibodies after immunization and challenge using immunofluorescence assay;
magnification 1:63; A) IgG-positive control (human anti-VACV immunoglobulin, B) marmoset OPV negative 
control serum, C) IgG after immunization (VACV LE-BN-infected Hep2 cells) and D) IgG after challenge 
(calpox virus-infected Hep2 cells); virus antigens in the cytoplasm of infected cell are indicated by arrows 
Figure 19: IgG development in marmosets after immunization with VACV LE-BN and challenge with calpox 
virus determined by immunofluorescence from plasma on calpox virus-infected cells (see figure 18); 0 is set as 
the day of challenge (ch.); A) group IX, challenged four weeks p.im. (immunization on day -28 indicated by 
arrow); and B) group X, challenged nine to ten weeks p.im. (immunization on day -70 [X-a and X-b] and day -
63 (*) [X-c and X-d] indicated by arrow); time point of immunization (im.) and challenge (ch.) are indicated by 
arrows; # time of death 
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Figure 20: Detection of neutralizing antibodies after immunization with VACV LE-BN and challenge with 
calpox virus: at time of immunization, at the time of challenge and at the time point of euthanization; # death of 
animals; nt: neutralizing antibody titer (was determined using PRNT) 
4.7.9 T cell-mediated immune response – IFN secretion after immunization with 
VACV LE-BN and challenge with calpox virus 
 The ELISpot assay was used for the analysis of IFN-secreting PBMCs after 
immunization and challenge. The number of IFN-secreting cells is expressed as SFU per 106
PBMCs (SFU: spot forming unit where one spot corresponds to one secreting cell). Figure 
21A shows the results for group (IX) challenged four weeks p.im. and figure 21B group (X) 
challenged nine to ten weeks p.im.. 
 Generally, the total number of secreting cells varied for each marmoset. In animals of 
both immunized groups IFN-secreting cells became first detectable around two weeks p.im. 
except for marmoset IX-a and IX-c were IFN-secreting cells could be detected not before 
three and four weeks p.im., respectively. Peak levels of IFN-secreting cells were detectable 
three weeks p.im. in most marmosets of group X with  103 SFU/106 PBMC which then 
decreased until week eight p.im..  
 At the time of challenge IFN-secreting cells were still detectable in group IX (four 
weeks p.im.) with the exception of animal IX-d in which the number of INF-producing cells 
returned to pre-immunization base line levels. This animal survived the challenge with 10 
MID50 of calpox virus. The three other animals were probably still in the IFN developmental 
phase. After challenge high variations in the number of IFN-producing cells were found in 
marmosets of group IX. However, the impact on the immunological protection against calpox 
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is difficult to estimate considering that three out of four animals died after the calpox 
challenge. 
 For animals of group X the number of IFN-producing cells had decreased to the initial 
level except for animals X-a and X-d (6.7x102 SFU/106 PBMC and 1.4x103 SFU/106 PBMC, 
respectively) at the time of challenge. Three weeks p.ch. the number of IFN-producing cells 
had increased constantly to a new peak level (figure 21B) with   103 SFU/106 PBMC. In 
addition, the number of IFN-secreting cells reached an overall higher level in group X 
compared to group IX in which the secretory cell counts remained below 1x103 SFU/106
PBMC.
 Non-immunized control animals showed a moderate increase with approximately 102
SFU/106 PBMC two weeks p.ch. (time of death) (data not shown).   
 However, these ELISpot data have to be treated as very preliminary. Due to the limited 
number of samples and the low blood volumes ELISpot data could not be verified by repeated 
experiments. Additionally, high background noise, likely to be due to sub-optimal cross-
reactivity of the human anti-IFN antibody with the marmoset homologue, affected the 
analysis of the data.  
Figure 21: Analysis of IFN-secreting cells after immunization (im.) and challenge (ch.); A) marmosets 
challenged four weeks p.im. and B) marmosets challenged nine to ten weeks p.im.; the time points of 
immunization (im.) and challenge (ch.) are indicated by arrows; 0 is set as the day of challenge; * death of 
animals; SFU (spot forming units): one SFU corresponds to one IFN-secreting cell 
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 In summary, both immunization experiments were performed independent from each 
other, but showed very similar results. All immunized marmosets developed antibodies 
(including neutralizing antibodies) before challenge. When marmosets were challenged nine 
to ten weeks p.im., a reliable immune response had developed, protecting all animals against a 
lethal calpox virus infection whereas only a limited protection could be observed in animals 
that were challenged already four weeks p.im.. Moreover, the five surviving marmosets of the 
first challenge were re-challenged with an increased dose of 3.5x105 pfu (42 MID50) of calpox 
virus. All animals survived the second challenge except animal IX-d. This animal died in 
narcosis during routine blood collection, without evidence of a calpox virus infection 
(macroscopic and histological examination and real-time PCR). In none of the surviving 
animals calpox virus DNA or mRNA could be detected after challenge. IgG and neutralizing 
antibody titers increased two to four times up to 1:4000 and 1:640. ELISpot data were similar 
to the first challenge.  
 These results revealed that this primate model is suitable to investigate new vaccines 
and vaccination strategies. 
4.8 Development and evaluation of real-time PCR assays for marmoset 
cytokine expression 
 To improve the understanding of calpox virus pathogenesis, the secretion of different 
cytokines after infection was investigated using a Bio-Plex system (human 17-plex panel with 
17 cytokines, Bio-Rad, Munich, Germany). Preliminary experiments were done in vivo using 
plasma of infected marmosets. Aditionally, cytokine secretion was investigated in vitro using 
calpox virus-infected marmoset (Callithrix jacchus) PBMCs (data not shown). As controls 
uninfected as well as infected PBMCs were stimulated with PMA, LPS and Ionomycin, 
respectively. Twenty-four and 48 hours after infection the supernatants were collected. 
Plasma samples as well as supernatants were analyzed for secreted cytokines (experiments 
were done in close cooperation with Prof. R. Lauster, German Rheumatology Research 
Centre, and the Technical University Berlin). These experiments were performed using 
antibodies specific for human cytokines, as no marmoset-specific antibodies were available. 
In parallel human PBMCs were infected, treated and analyzed similar to marmoset PBMCs. 
However, only in the supernatant of the human PBMCs secreted cytokines could be measured 
with this assay. Neither in the plasma nor in supernatant of infected or stimulated marmoset 
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PBMCs cytokines could be determined (data not shown), probably due to the lack of cross-
reactivity between anti-human cytokine antibodies and marmoset-specific cytokines.   
 Therefore, marmoset cytokine-specific real-time PCR assays were established to further 
investigate the impact of calpox virus infection on the marmoset immune system. When this 
study was started, no genomic sequences of marmoset cytokines were available. Hence, 
previously published human-specific cytokine real-time PCR assays [193] were tested for 
their compatibility to marmoset cytokine sequences using calpox virus-infected as well as 
stimulated ML2 (established from marmoset lung tissue, H. Ellerbrok, unpublished) and B95-
8 cells. Amplification products could only be generated for IL-1 and IL-6 and sequence 
analysis showed a similarity to human IL1 and IL6. As already seen in the lack of detection 
of secreted marmoset cytokines by human antibodies, the sequences of marmosets cytokine 
genes showed a certain degree of heterogeneity to homologue human cytokine sequences and 
were therefore not detected with primers specific for human cytokines.  
 During the course of this study sequences for Callithrix jacchus (CJ) IL-2, IL-10, IL-13, 
TNF and IFN became available in the NCBI database allowing the design and evaluation of 
marmoset cytokine-specific real-time PCR assays. Amplified PCR fragments were sequenced 
and real-time PCR probe design was based on these sequences. PCR efficiencies between 
91.6 % and 103.2 % were calculated for CJ-TNF, CJ-IL10, CJ-IFN, CJ-IL-13 and CJ-IL1
(table 14). Lower efficiencies of 85.6 % and 86.3 % were determined for CJ-IL-2 and CJ-IL-6 
real-time PCR assays, respectively. The correlation coefficient for all assays was 0.98 to 0.99. 
Intra- and inter-assay variability were higher for smaller copy numbers, but in any setting a 
minimum of ten copies of the respective target gene could be detected (table 14). Moreover, 
the combination of two real-time PCR assays was analyzed (duplex PCR). Combinations of 
plasmid standards for each assay were tested at different concentrations in one mix. 
Apparently, only the combination of CJ-IFN with CJ-TNF and the combination of CJ-IL-6 
with CJ-IL-13 worked satisfactorily without losing sensitivity or specificity. The variability 
was the same for both duplex real-time PCR assays compared to their corresponding single 
assays. Combinations of other assays resulted in a decreased sensitivity and in consequences a 
higher detection limit of up to 103 to 104 copies per assay. 
 In a first attempt only very preliminary data were obtained for immunized and non-
immunized marmosets (data not shown). Small copy numbers for all cytokines could be 
determined, often very close to the detection limit (independent of the animal group) may 
resulting from the small used blood volume. However, to use the newly established real-time 
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PCR assays as a tool to characterize the immune response in marmosets further investigations 
have to be done. But the investigation of cytokine expression patterns is now possible using 
the newly developed marmoset-specific real-time PCR assays. 
Table 14: Variability and efficiency of marmoset cytokine-specific real-time PCR assays 
Assay  name Plasmid copies Variability (CT)a Efficiency (%)a*
intra-assay# inter-assay+
CJ IL1 106 17.18 ± 0.69 17.60 ± 0.11 103.2
104 23.08 ± 0.12 24.50 ± 0.67
102 29.78 ± 0.19 30.98 ± 0.90
CJ IL2 106 17.36 ± 0.11 18.42 ± 0.62 85.6
104 24.45 ± 0.62 25.41 ± 0.92
102 32.45 ± 0.18 31.92 ± 0.36
CJ IL6 106 19.81 ± 0.38 19.09 ± 0.12 86.3
104 26.97 ± 2.12 25.86 ± 0.83
102 36.08 ± 0.98 33.32 ± 0.78
CJ IL10 106 19.52 ± 0.92 17.83 ± 0.11 94.1
104 26.66 ± 0.30 24.58 ± 0.22
102 33.57 ± 1.33 32.52 ± 0.51
CJ IL13 106 18.45 ± 0.05 18.06 ± 0.31 98.2
104 25.26 ± 0.33 24.85 ± 0.37
102 31.36 ± 0.67 31.29 ± 0.43
CJ TNF 106 19.22 ± 0.04 19.62 ± 0.52 91.6
104 27.74 ± 0.66 26.88 ± 0.52
102 36.34 ± 1.06 33.80 ± 0.79
CJ IFN 106 18.20 ± 0.36 18.06 ± 0.76 96.9
104 25.10 ± 0.16 24.67 ± 0.85
102 32.13 ± 0.46 31.21 ± 1.03
The detection limit for each assay was  10 copies; a determination of the intra- and inter-variability and 
efficiency was carried out with plasmid standards; * mean value of efficiency was calculated from three 
independent standard curves for plasmids; # mean value was calculated from triplicates of one PCR run; + mean 
value was calculated from three independent runs at different days; CT: threshold cycle 
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5 Discussion 
 Today the immunity against VARV is low or non-existent in the majority of the human 
population due to discontinuing of routine vaccination soon after the eradication of smallpox. 
Although VARV is generally unavailable, the intentional or unintentional re-introduction of 
VARV into the human population is of constant concern today [15]. In addition, an increase 
of zoonotic infections with other OPVs was observed over the last years especially with 
CPXV [17] and MPXV [20]. An increasing number of human MPXV infections has been 
reported from Africa and during the most recently reported MPXV outbreak from March until 
July 2008 in Bokungu in the Democratic Republic of the Congo (Congo-Kinshasa), 39 cases 
were described with three fatalities [202]. MPXV is especially important because a case 
fatality rate up to ten percent is reported for children and younger adults, which is probably a 
consequence of the decrease of protective immunity. An outbreak of human MPXV infections 
in the United States in 2003 occurred due to the inadvertent importation of MPXV infected 
rodents from West Africa [26,37]. MPXV was then transferred to prairie dogs. Several 
indigenous members of squirrel species are supposed to be the reservoir hosts, but the 
zoonotic features that predispose this virus to infect man and other primates are unknown 
[50]. If MPXV would be able to establish a reservoir status in a susceptible North American 
rodent species such as prairie dogs [203], the public health consequences would be 
considerable. Moreover, in Germany an increasing number of human CPXV infections has 
been reported in recent years (approximately: nine to ten suspected cases, and five to seven 
confirmed cases per year; personal communication Dr. A. Kurth and Dr. A. Nitsche, 
Consultant Laboratory for Poxviruses, Robert Koch-Institut, Berlin).  
 On this background an increased research effort into therapeutic agents for the 
prevention and treatment of OPV infections appear to be necessary [125]. Furthermore, many 
research groups worldwide attempt to understand OPV pathogenicity and virus pathology. 
The testing of the efficacy and safety of new vaccine candidates or antiviral substances has to 
undergo trials in different animal models, with an emphasis on primate models. Since the only 
two well-characterized NHP models working with VARV [161] and MPXV [126] have the 
drawbacks of using very high viral doses via the atypical route of infections to induce a 
severe disease in macaque monkeys, the main objective of this study was to overcome some 
of these drawbacks. Therefore, an alternative NHP model in which a smallpox-like disease 
could be induced by a CPXV under more physiological conditions would be extremely 
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helpful to study the course of OPV infections and to investigate the protective effect of 
vaccines candidates and potential antivirals. 
5.1 Characterization of the calpox virus/ marmoset model in comparison 
to other non-human primate models for orthopox virus infections 
 As shown for NHP models using VARV or MPXV [117,161,204], only the i.v. 
inoculation, a non-physiological route of infection, which bypasses the mucosa leads to a 
lethal course of infection. In these primate models the i.v. inoculation route circumvents a 
primary replication of the virus in regional lymph nodes and the successive systemic spread 
via the lymphatic system (first viremia). Instead, the virus is immediately spread via the blood 
stream, inducing a disease manifestation with numerous lesions characteristic of a post-
secondary viremia.  
 In a first attempt it could be shown, that the infection of marmosets by the i.v. 
inoculation route induced a disease pattern comparable to the diseases observed during the 
natural outbreak in 2002 [165]. The short incubation period of four to seven days and a zero 
survival rate after i.v. administration of a high virus dose showed that the calpox virus was 
lethal for the marmosets with very high final viral loads in blood (up to 109 calpox GE/ml 
blood) and in all analyzed organs (up to 106 calpox GE/104 c-myc copies) at the time of death. 
There was no sign of a preferential cell tropism of the virus, as high copy numbers of viral 
genomic DNA and mRNA were found throughout all tissues, indicating an effective 
replication in a wide spectrum of cells. The massive virus replication in all organs, resulting 
in high viral burdens in tissues, was probably associated with organ dysfunction and 
multisystem failure as shown for VARV infections in cynomolgus macaques [161]. The i.v. 
infection route overcomes the mucous membrane and evades the mucosal immune defense of 
the host. Due to the rapid and fulminate course of disease, the determination of parameters of 
the immune response is difficult and probably does not reflect a naturally acquired infection.  
 First targets for naturally acquired smallpox infection are the cells of the mucous 
membranes of the mouth, the nasal cavity, the oropharynx and/or the alveoli of the lungs. 
Although a high infection dose was used for the oro. application, two out of three animals 
survived, showing neither clinical symptoms nor detectable virus in blood. The animal 
showing severe symptoms was most probably injured during the inoculation implying that the 
subsequent viral infection was the result of a direct entry of the agent into the bloodstream 
and not due to a local infection of the mucous membranes of the oropharynx. As there were 
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no calpox virus-specific antibodies detectable in the serum of all three marmosets an
immediate swallowing of the virus during the application of the virus suspension seems to be 
likely. Therefore, it was concluded that it appeared highly unlikely to establish a reproducible 
infection model with calpox virus via the oro. route.  
 Contrary, the i.n. infection as an inoculation route very similar to the major natural 
route of VARV infections proved to be a successful strategy of administering calpox virus to 
marmosets by dripping the virus solution directly into the nose of the animal. A close 
correlation was observed between the infectious dose and the course of infection. High virus 
doses of 2.3x106 and 3.5x105 pfu led to a rapid death within nine to ten days of infected 
marmosets, with final virus levels of up to 108 calpox GE/ml blood. A significant correlation 
between infectious dose and incubation period of the disease was observed when different 
calpox virus doses were investigated. No clinical signs or diagnostic markers of infection 
were observed when 1x102 pfu were inoculated. Using different infectious doses of calpox 
virus the 50 % monkey infectious dose (MID50) was calculated with 8.3x102 pfu showing that 
calpox virus is highly pathogenic for marmosets. Independent of the virus dose, viral genomic 
DNA could be detected in the blood of marmosets developing symptoms from day seven p.i. 
onwards. It is noteworthy to mention that clinical symptoms developed only approximately 
two days before the death of the animals. Similar to the i.v. inoculation all organs were 
infected. The highest viral loads were determined in lymphoid organs like spleen, tonsils, 
bone marrow and lymph nodes, indicating a progressive and productive replication of the 
virus in these organs. Dissemination of calpox virus to other organs probably occurred 
through the blood stream (viremia). The generalized involvement of multiple organs is similar 
to lethal human MPXV and VARV infections where virus is found in various organs. 
Opposed to human VARV infections [63], an involvement of organs of the digestive tract was 
found in the calpox virus/marmoset model. In contrast to natural VARV and MPXV 
infections, where only part of the diseased patients had a lethal outcome, all marmosets 
developing clinical symptoms died. In animals exposed to calpox virus but without clinical 
symptoms neither viral genomic DNA nor virus-specific antibodies were found, pointing 
towards an unsuccessful infection. Infectious calpox virus was found in the saliva of all 
diseased marmosets, extending the i.n. calpox virus infection model even further: the i.n. 
inoculation caused a clinical outcome capable of spreading the virus via a natural route of 
transmission between marmosets – the same route of transmission that had been found in 
human smallpox infections.  
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 As mentioned before, no seroconversion was observed in diseased animals dying within 
12 days. Only in longer living animals low titers of virus-specific IgM antibodies were 
detected at the time of death. In human smallpox infections the development of neutralizing 
antibodies became detectable between day six and eight after the onset of symptoms [42]. 
Intranasal infection of calpox virus probably resulted in an overwhelming infection and death 
occurred before the humoral immune system could respond by developing IgG and 
neutralizing antibodies. A correlation between the presence of serum antibodies and 
protection has already been rdeported for human OPV infections [205,206,207]. 
 In human smallpox and MPXV infections a two to five-day period of high fever, 
malaise, prostration, headache and backache is followed by the development of a 
maculopapular rash. In the calpox virus/marmoset model the time between appearance of first 
clinical signs and death of the marmosets was drastically reduced as first clinical symptoms 
became obvious just one to two days before death. First symptoms rapidly developed to more 
severe clinical findings in the upper respiratory tract and the lymphatic system as well as 
hemorrhagic edema. In contrast to MPXV and VARV patients with a more or less confluent 
rash [20,25,42,53,63], only sporadic and small skin lesions distributed on face, abdomen and 
thighs were found in marmosets after i.n. infection with calpox virus. Even a high calpox 
virus dose was not able to induce an infection featuring skin lesions that were distributed 
confluently over the body of marmosets, a characteristic previously demonstrated in 
macaques infected with MPXV and VARV [160,161,164,208]. The clinical picture of calpox 
virus further differed in the morphology of the skin lesions, which remained flat and small in 
size (2-5 mm in diameter), whereas VARV or MPXV lesions can reach a diameter of up to 10 
mm. This may result from the overall smaller size of the animals. The severe 
lymphadenopathy found in calpox virus infection is comparable to the clinical picture of 
CPXV and MPXV infections in humans as well as in NHP models [25,54,160,209] but could 
not be seen in human smallpox. 
 One major drawback in previous NHP models is that the virus has to be administered in 
very high doses to induce a severe or fatal disease. At least 106 pfu of MPXV have to be 
injected s.c. to achieve a lethal infection in cynomolgus macaques [163]. Intravenous 
inoculation of at least 5x107 pfu of MPXV is reported to lead to a fatal infection in 
cynomolgus macaques and rhesus macaques [117,150,160,209]. The three inoculation routes 
established for the MPXV/macaque model that come closest to the natural route of smallpox 
infection are the following: the i.t. [126,164], the aerosolized [162] and the i.n. administration 
of MPXV [210]. Still, very high doses of 107 pfu are needed to induce a severe or lethal 
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infection. This is similar to the VARV/macaque model where extremely high virus doses of at 
least 108 pfu i.v. are needed to induce a systemic infection of cynomolgus macaques 
[161,204], whereas no systemic or serious disease could be established by its aerosolized 
administration [211]. In contrast, only a low virus dose given i.n. is needed in the calpox 
virus/marmoset model to induce a symptomatic infection in marmosets. The MID50 was 
determined with 8.3x102 pfu that is approximately 10.000 times lower than that needed in any 
other NPH model for OPV infections and might be comparable to naturally acquired VARV 
and MPXV infections. Therefore, the low MID50 needed for the induction of disease by the 
i.n. inoculation route implies that the calpox virus/marmoset model is a reliable model and 
might have several advantages compared to other NHP model systems.  
5.2 Calpox virus infection in the mouse model and comparison of 
marmoset infection with another CPXV strain 
 Laboratory mice are a suitable subject to study the pathogenicity of a number of CPXV 
strains [135,188]. Lethal virus doses for CPXV infections in mice are generally high (above 
106 pfu), but lower doses also resulted in a symptomatic but mild infection followed by full 
recovery. CPXV naturally infects rodents, which seem to be a natural reservoir for the virus 
[27,212,213], but generally do not develop severe symptoms although the virus has a negative 
impact on their survival [214]. How the virus is transmitted to other vertebrates and how the 
virus survives in the rodent population is not fully understood, but evidence was found of a 
sexual transmission of the virus in mouse populations [215]. In this study the i.n. inoculation 
of mice with the calpox virus, although phylogenetically closely related to other CPXV 
strains, resulted only in a very mild infection indicating a low pathogenicity in BALB/c mice 
(100 % survival) even if the infectious dose was as high as 1x107 pfu. This is in contrast to 
CPXV BR [188,201], a common CPXV strain used for infection of mice where i.n. 
inoculation of 106 pfu induced a severe infection (death within eight to ten days). Future 
research might address the underlying mechanism for the differences in viral pathogenicity of 
calpox virus and other CPXV in mice.  
 To investigate whether CPXV infections always lead to a fatal outcome in marmosets, 
CPXV strain 81-02 was used for the infection of marmosets by the i.n. route with a high dose 
of 5x105 pfu. In comparison to calpox virus, the detection of viral DNA in CPXV 81-02-
infected marmosets was delayed by approximately four days and DNA levels were lower in 
general. Whereas animals infected with a comparable dose of calpox virus died on day nine, 
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CPXV 81-02-infected animals were still alive on day 18 (very mild symptoms) when the 
experiment unfortunately had to be stopped due to technical problems in the animal keeping 
facility. These results, leading to the assumption that CPXV 81-02 has a lower pathogenicity 
in marmosets.  
5.3 Development of assay systems for the detection of immune 
parameters 
 Besides the determination of virus-specific antibodies using immunofluorescence assays 
and neutralizing antibodies using PRNT, further parameters of the cellular immune response 
were to be characterized after calpox virus infection. Especially the role of the T lymphocyte 
(T cell) response against a lethal infection was to be investigated. Synthesized by natural 
killer (NK) cells, CD4+ and CD8+ T cells and CD8+ cytotoxic suppressor cells [216], IFN
represents an early host defense marker and is involved in a range of mechanisms in addition 
to specific antiviral activity [217,218,219]. The interaction of T cell receptor and antigen-
MHC I complex triggers the proliferation and expansion of antigen-specific T cells and the 
secretion of IFN [220]. Some of the antigen-responsive T cells develop further into antigen-
specific memory T cells which is maintained within the host and provides an immune 
surveillance system. After a secondary exposure to the virus antigens, these virus-specific 
memory T cells are activated and expand with an even greater magnitude than seen during the 
initial response [221]. In this way specific memory T cells contribute to protect the host 
against further exposure to the virus.  
 IFN-secreting cells were determined using a commercially available ELISpot kit 
developed for the detection of human IFN. In addition to the general difficulties of working 
with small volumes of blood samples, a major problem was the restricted cross-reactivity of 
the anti-human IFN antibody with marmoset IFN resulting in high background noise. 
Nevertheless, this antibody showed the best cross-reactivity of all antibodies tested. ELISpot 
results were obtained for immunized and challenged marmosets and are discussed in chapter 
5.4 revealing first insights concerning the IFN-release in marmosets after calpox virus 
infection.
 Since OPVs use a wide repertoire of immune modulating mechanisms to evade the 
innate immune response like the secretion of immune modulating proteins interacting with the 
complement system [222], inhibition of the interferon response [223], protection of the 
infected cell from inflammatory responses and prevention of natural killer (NK) cell 
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activation, calpox virus immune modulation during the marmoset’s immune response were to 
be investigated by measuring secreted cytokines. Considering that marmosets have an 
approximate 88-97 % genetic similarity to humans [224], it was surprising that none of the 
tested anti-human cytokine antibodies was cross-reactive with marmoset cytokines or 
marmosets cell surface markers used in Bioplex analysis and flow cytometric analysis (data 
not shown), respectively. The poor cross-reactivity of antibodies directed against human 
antigens with marmoset antigens has previously been shown in several studies. Human 
monoclonal antibodies (mAB) were tested for their applicability for flow cytometric analysis 
of cells from common marmosets [225,226] showing an overall cross-reactivity of different 
mABs of less than 40 % [226]. In addition, the fluorochrome labeling as well as the antibody-
producing clone had an effect on the reactivity and binding of the mABs. These published 
results were taken into account in the design of our experiments, but several of the published 
antibodies were no longer available or had been replaced by other, non-cross-reacting clones. 
However, only a limited number of antibodies from different manufacturers were tested and 
further tests may identify some cross-reactive mABs for the staining of cell surface markers 
and secreted cytokines. 
 Due to the lack of cross-reacting antibodies marmoset-specific real-time PCR assays for 
IL1, IL2, IL6, IL10, IL13 TNF and IFN were established to investigate expression 
patterns of these cytokine genes. As seen for other organisms [197,227], the real-time PCR 
assays proved to be a reliable tool for the detection and quantification of cytokine mRNA 
copy numbers. Linear regression analysis of plasmid standard curves of each cytokine real-
time PCR assay demonstrated reliable PCR efficiencies between 85.6 % and 103.2 % with the 
smallest correlation coefficient (R) of 0.98. The detection limit of ten plasmid copies 
observed for all developed assays is a common detection limit for many other real-time PCR 
assays used in virology, microbiology and for expression analysis [197,227,228]. Since blood 
and tissues obtained from different individuals usually varies in cell number, RNA integrity 
or quantity or experimental treatment all copy numbers determined by real-time PCR were 
normalized [227] against the reference gene c-myc that served at the same time as a positive 
control for the PCR reaction. The c-myc gene is expressed constitutively and independently 
from experimental conditions, different tissue or cell types, developmental stages and sample 
treatment. It is not affected by the infection with different OPVs (Dr. A. Nitsche, personal 
communication). 
 In preliminary experiments it could be shown that cytokine copy numbers were close to 
the detection limit preventing a reliable data interpretation. Due to the scarcity of test blood 
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all PCR experiments were done only once which is a clear limitation although all samples 
were measured in duplicates in all assays. Compared to reported protein levels for MPXV and 
VARV infected macaques monkeys, which were elevated for the proteins IFN, TNF, IL2 
and IL10 determined by ELISA [150,161,163,164] and intracellular staining [209,229] the 
marginal changes in mRNA levels measured in this study were unexpected. To place future 
expression data in a reliable context, it would have been interesting to determine the final 
cytokine protein levels since the regulation of translation and post-translational events plays 
an important role in the secretion of proteins which is unfortunately at present hampered by 
the lack of antibodies against the respective marmoset cytokines.  
 Despite all limitations, results allow the conclusion that the real-time PCR assays 
established in this study have the potential to become a useful tool for the determination of 
marmoset-cytokine expression. For a better characterization of the marmoset cytokine 
expression patterns, it is necessary to obtain larger blood volumes in order to assure 
measurements clearly above the detection limit. Furthermore, it would be worthwhile to 
investigate mock-infected marmosets as a negative control to compare the results obtained 
from infected animals.  
5.4 Vaccine testing in the calpox virus/marmoset model 
 To investigate how suitable the calpox virus/marmoset model is for the testing and 
evaluation of vaccines, marmosets were immunized with the well-characterized live vaccine 
VACV LE-BN and later challenged with 10 MID50 of calpox virus. The challenge was done 
at two different times after immunization as it was not known how long the development of a 
protective immune response would take and how incubation time would impact on the 
possible survival of the marmosets. No recommended period for a challenge with a 
pathogenic OPV after immunization with VACV LE has been described in the literature. 
There are only data published regarding the immunization of cynomolgus monkeys with 
VACV LE followed by a MPXV challenge, showing that five weeks were sufficient to build-
up a protective immune response [163]. After considering these reports, one group of 
marmosets was challenged four weeks and the second group nine to ten weeks after 
immunization. Two independent experiments were performed under comparable conditions 
resulting in four immunized animals per group and six non-immunized animals served as 
controls. Both experiments were analyzed together. 
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 As described for live OPV vaccines the development of a characteristic lesion at the site 
of immunization is regarded as a sign for a successful immunization (“vaccine take”) [229]. 
In humans the reported intensity and duration of the vaccine take depends on the 
immunization status of the individual. Both, naive and non-naive vaccine recipients, 
developed a major reaction by day seven with an average lesion size of 12.5 mm2. The lesion 
healed completely within 23 to 26 days [230]. The progression and the development of the 
local lesion as well as its maximal size reported for macaque primates are similar to the 
“vaccine take” in humans. Cynomolgus macaques developed a pustular lesion with a size of 
27 mm2 ± 11 mm2 after immunization with LC16m8, a highly attenuated VACV strain that 
was developed from the original Lister-Elstree strain [163]. The immunization of marmosets 
with VACV LE-BN also induced a local cutaneous lesion in all immunized marmosets. But 
the development of the lesion was delayed by seven days and slightly reduced in size 
(approximately 10 mm2) compared to humans. This may have been the result of the five times 
lower number of perpendicular insertions with the bifurcated needle as it is recommended for 
humans [231]. 
 As VACV LE-BN has the ability to replicate in mammalian cells, the detection of 
VACV DNA in blood of human vaccine recipients is described in few cases [232,233]. Using 
PCR, Savona et al. measured about 103 VACV GE/ml blood in four out of 77 recipients as 
early as days six p.im.. Cohen et al. reported similar results where four out of 202 blood 
specimens were positive at low levels for VACV DNA as early as days four p.im.. Other 
human immunization studies using live VACV like Dryvax (Wyeth, USA) also demonstrated 
that viremia is a rare event but could occur in immunocompromised persons with multiple 
cutaneous lesions [234]. But there were also reports that no VACV DNA could be detected at 
all [235] (Nitsche and Ellerbrok, personal communication). However, VACV LE-BN DNA as 
well as mRNA was repeatedly detected in seven out of eight immunized marmosets beginning 
seven days p.im.. Peak levels of approximately 104 VACV LE-BN GE/ml blood were reached 
on day 14 p.im.. The virus was cleared from the blood of all animals before day 18 p.im.. The 
rate of vaccine-induced viremia found here was much higher (87.5 %) compared to humans 
where virus DNA was detectable only in 2 % to 6.5 % of the vaccinees. The general 
appearance of VACV LE-BN DNA and its detection by real-time PCR in our experiments is a 
sign of a successful infection by the vaccine virus and might be useful in the monitoring of 
live vaccine candidates in marmosets.   
 Because of the limited availability and low volumes of blood samples, the reported 
failure to isolate infectious virus after immunization in humans [232,233] and the low viral 
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load in infected marmosets, no attempts were made to isolate infectious VACV LE-BN from 
immunized marmosets. Panning et al. had shown that actively replicating VACV produced 
large quantities of defective particles, and only one infectious virus corresponds to 100 GE 
determined by PCR [236] suggesting that 50 to 100 l of blood generally available from live 
marmosets would contain one to five infectious particles.  
 It is noteworthy to mention, that infectious VACV LE-BN could be isolated from saliva 
from 50 % of immunized marmosets with up to 102 pfu/throat swab which is in contrast to 
human vaccination studies [232,233].  
 During the mass vaccinations of the eradication era as well as in clinical trials with new 
live VACV vaccines against smallpox, it had been reported that almost all recipients who 
showed a lesion at the site of immunization seroconverted and developed neutralizing 
antibodies against the smallpox vaccine [237]. After immunization, antibodies, including 
neutralizing antibodies, developed rapidly in humans as well as in various animal models. In 
NHPs as well as in humans IgG antibodies could be detected around days ten to 11. Strong 
IgG responses (including multiple IgG isotypes) were clearly present at day 14 p.im.. 
Neutralizing antibodies develop parallel to the overall IgG response [117,238]. However, in 
immunized marmosets the development of IgM and IgG detectable by IFA as well as 
neutralizing antibodies was delayed compared to humans and other primates [109] and peak 
levels were detected around day 21 p.im. in all immunized marmosets. At the time of the 
challenge IgG antibody titers of all immunized animals were in the range of 1:100 and 1:200, 
but neutralizing antibody titers were low: 1:10 for 2/8, 1:40 for 5/8 animals and 1:80 for 1/8 
animal. After challenge, IgG antibody titers of all immunized marmosets increased at least 
twofold 14 to 21 days p.ch.. Similar observations of antibody boosting were reported for 
humans [239,240]. Although the antibody titers were comparable in both immunization 
groups (challenged four or nine to ten weeks p.im.) at the time of challenge, there was no 
correlation to the rate of survival. Little is known about the protective effect of antibodies 
against a lethal OPV infection in humans as well as in primates. But historical clinical data 
suggest a correlative link between the presence of virus-specific serum antibodies and 
protection [205,206,207]. Moreover, recent studies showed that the development of 
neutralizing antibodies is obligatory for the protection against an infection with a lethal dose 
of virus and the level of virus-specific antibodies usually correlates with the grade of 
protection [241,242].  
 The secretion of INF and effective virus clearance are reported to play an essential role 
in protection [243,244], too. Although it is well known that the IFN response represents an 
Discussion 97
early host defense involved in a range of mechanisms to specific antiviral activity 
[217,218,219], it remains poorly understood which level of cell-mediated immune response is 
needed for an effective protection against an OPV infection. As mentioned before, the 
immune response to smallpox was monitored exclusively by measuring neutralizing 
antibodies. As the treatment of T-cell-deficient patients with anti-VACV immunoglobulin 
was relatively ineffective [245,246] it was suggested that the T cell immune response play a 
more important and dominant role in the protection and recovery from an OPV infection 
[218,247,248]. Recent studies have demonstrated that VACV-specific T-lymphocytes secrete 
IFN after immunization and that these cells are likely to have a prolonged lifespan [221,249]. 
Kennedy at al. determined IFN responses after immunization of VACV-naive and non-naive 
individuals: the responses began one week p.im. and peak levels were reached two weeks 
p.im. [250].
 To investigate the role of the T cell response to VACV LE-BN in protecting against a 
lethal calpox virus infection, IFN-producing cells were measured using the ELISpot. In 
contrast to humans, IFN secretion in immunized marmosets was delayed and levels of IFN-
producing cells peaked as late as three weeks p.im. At the time of challenge, group IX 
challenged four weeks p.im. generally showed a low number of IFN-producing cells. 
Moreover, in all these animals IFN-producing cells were observed to increase continuously 
at the time of challenge, a sign that these animals still underwent antigen-stimulation and 
clonal cell expansion. However, in group X in which the animals were challenged nine to ten 
weeks p.im. the number of IFN-secreting cells had returned to a baseline level before 
challenge. Considering that all animals of group X survived, the return to baseline levels of 
IFN-producing cells before a subsequent lethal virus exposure might play a significant part 
in the immunologic protection. To evaluate the T cell-mediated IFN production in detail, 
further experiments with a higher number of animals may provide additional and more 
reliable results.  
 As mentioned before, effective virus clearance from the blood also played an important 
role for the survival of infected marmosets. After challenge, four out of four (100 %) 
marmosets challenged nine or ten weeks p.im. survived without any clinical symptoms 
although calpox virus was detectable between days ten and 18 in the blood of three animals. 
Compared to non-immunized marmosets, viral loads were lower by four logs, and the calpox 
virus was finally cleared from the blood, indicating effective calpox virus elimination. Similar 
observations were reported for studies in other NHPs where the viral load in the blood of 
immunized animals in contrast to non-immunized animals was significantly lower [150] or 
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below the detection limit [160] after challenge. In addition, non-immunized macaque 
monkeys surviving a lethal-dose MPXV challenge cleared the virus from the blood [163]. 
However, in group IX, challenged four weeks p.im., only one out of four (25 %) animals 
cleared the virus from the blood and survived the lethal calpox virus challenge. Since virus 
elimination is linked to an adequate immune response (antibody development and cytokine 
release) it was not surprising that the only survivor in this group (IX-d) showed a twofold 
higher final neutralizing antibody titer compared to the deceased marmosets of this group. 
This neutralizing antibody titer was similar to the titers of the marmosets of group X which all 
survived the challenge. The deceased marmosets of group IX showed a significant delay in 
the progression of disease, dying approximately ten days later with a lower viral load at the 
time of death compared to non-immunized control animals (group XI). The lower viral load 
was may a result of a partial immunity in these animals, which were able to suppress virus 
replication to some degree, but finally failing to clear the virus from the blood. 
Results imply that the titer of neutralizing antibodies as well as effective virus control play an 
important role in contributing to an efficient protection against a lethal calpox virus challenge.  
 In summary, the results obtained in these experiments indicate that the calpox 
virus/marmoset model is suitable for the evaluation of both, cellular and humoral immune 
responses after immunization with VACV, paving the way for its use in in vivo evaluations of 
new vaccine candidates and new vaccination strategies.  
5.5 Advantages and limitations of the calpox virus/common marmoset 
model
 Epidemiologic investigations of the natural calpox virus outbreak in the colony of New 
World monkeys gave no evidence for a transmission to humans even if they had close contact 
to diseased animals (Boll et al., unpublished). Sequence similarities of the calpox virus to 
published CPXV sequences group calpox virus tentatively to the species CPXV in the genus 
OPV. Since CPXV is classified as a BSL-2 pathogen, the experimental work with calpox 
virus can be done under BSL-2 conditions, opening research on this OPV isolate to a larger 
number of laboratories.  
 The investigations presented in this thesis showed, that the calpox virus/marmoset 
model is suitable to study a broad spectrum of basic and applied scientific research topics. 
Calpox virus induce a disease quite similar to human smallpox after i.n. infection with low 
viral doses (MID50 of 8.3x102 pfu), which reflect to a large extent of the natural infection 
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route of VARV. The MID50 is approximately 10,000 times lower than that in other NHP 
models using VARV or MPXV. Major differences are apparent considering the outcome of 
an infection. Whereas part of humans or experimental animals infected with VARV or MPXV 
developed symptoms but convalesced, it has to be re-emphasized that all diseased marmosets 
died. Animals surviving virus inoculation showed neither clinical nor immunological nor 
molecular markers of an infection. The readout of the success or failure of vaccines or 
therapeutic treatments is in comparison to other NHP models straightforward, and there is no 
need to develop a score for clinical symptoms [126,150,160,163,209].  
 Using VACV LE-BN, a protective immune response could be induced including the 
development of IgG antibodies, neutralizing antibodies and the stimulation of IFN-secreting
cells. The immunization with VACV LE-BN proved to be effective even against a lethal 
calpox virus challenge if marmosets were challenged nine to ten weeks p.im. demonstrating 
the potential and suitability of the calpox virus/common marmoset model for the testing and 
validation of new vaccines and vaccination strategies.  
 However, one major drawback attributable to all experiments presented here is the 
small animal number per group. As calpox virus seemed to be highly pathogenic for 
marmosets only low biological variations were expected. Therefore and also to keep the 
number of infected animal to a minimum, often only two animals per group were used for 
experiments. Due to the small sample size no statistical analysis was attempted. Considering 
the small number of marmosets used in the experiments, it was possible to obtain similar 
results for same experimental approaches in independently performed infections (e.g. 
infection with 8.3x103 pfu resulted in death after 12-15 days in four experiments with a total 
number of nine animals) which support the validity of the results and indicate reliability of 
this marmoset model even thought it is based only on these very small groups of animals. As 
shown for other NHP models, numbers of three [163], four [117,204] and six animals per 
group [150,161] is a common group size in OPV research using macaque monkeys. 
 Advantages of using marmosets as experimental animal include: their small size, 
reasonably sized housing space and conditions, easy handling, animals can be socially 
housed, they reproduce well in captivity, they are inexpensive to keep, they have an economic 
purchase price, and wild populations are not endangered [251]. Despite these advantages the 
small size of this species bears some disadvantages for research that involves surgery or 
requires frequent sampling of blood. Furthermore, studies of the immune response in 
marmosets are hampered up to now by the lack of immunological tools for the detection e.g. 
of cell surface markers as well as cytokines.  
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 To investigate the marmoset immune response after calpox virus infection a wider 
spectrum of anti-human cytokine antibodies has to be tested for their cross-reactivity. In 
addition, cytokine expression patterns have to be obtained to compare and place them in a 
reliable context with levels of secreted cytokines.  
 The course of infections in marmosets infected with different OPV species will help to 
clarify the host range of these viruses, the pathogenic properties of the viruses and to identify 
genes essentially for virulence. In cooperation with the German Primate Centre several 
projects are in progress or planned: calpox virus infection in other monkey species, e.g. rhesus 
macaques used as model for MPXV will show whether the calpox virus/marmoset is a unique 
combination for a NHP model for OPV infections or if other monkeys, including Old World 
monkeys, can also be lethally infected by calpox virus. Furthermore, the aerosol transmission 
route of calpox virus will be explored by housing calpox virus infected together with 
uninfected marmosets. 
 We have started to investigate whether the orally administrable component ST-246 can 
be used for the therapy of infected marmosets to explore the suitability of the calpox virus/ 
marmoset model for the testing of new antiviral and therapeutic agents [129,132]. Animals 
will be infected with 10 MID50 of calpox virus and therapy (daily drug application) will begin 
either (i) directly after virus infection, (ii) when virus is first detectable in the blood (around 
day seven p.i.) or (iii) when first clinical symptoms are becoming obvious (days 12 to 14 p.i.).  
 Passive immunization is of major concern as only a limited amount of human 
immunoglobulin is available for treatment of OPV-infected patients or for people with severe 
reactions after immunization with VACV. Analogous to the human anti-VACV 
immunoglobulin, chicken IgY antibodies produced against calpox virus as well as VACV will 
be tested as a passive immune therapy against a lethal calpox virus infection in marmosets. 
IgYs, derived from egg yolk of immunized chickens, provide a cheap, economical and 
abundant source of polyclonal antibodies and have already been extensively explored in the 
preventive medicine and therapy of other infectious diseases [252,253,254,255].
 Furthermore, in cooperation with Prof. G. Sutter, Paul-Ehrlich-Institute, derivate VACV 
MVA strains will be investigated for their potential to induce a protective immune response in 
marmosets. This will probably enable to get a closer insight for the development of optimized 
smallpox or MPXV vaccines.
References 101
7 References 
[1] Needham, J. (1980): China and the origins of immonology. Centre of Asian Studies Occasional Papers 
an Monographs No.41, Centre of asian studies Occasional Papers an Monographs No.41, University of 
Hong Kong, Hong Kong. 
[2] Jenner, E. (1959): An Inquiry into the Causes of the Variola Vaccine, a Disease Discovered in Some of 
the Western Countries of England. (London 1798), Reprinted, Camac CNB (ed.), New York, Dover. 
[3] Moss, B., Henderson, D.A. (1999): Smallpox and Vaccinia, Plotkin, S.A., Orenstein, W.A., Vaccines 
third, W.B. Saunders Company, Philadelphia. 




[5] WHO (1980): The global eradication of smallpox. Final report of the global commission for the 
certification of smallpox eradication. , History of International Public Health No.4, Geneva, World 
Health Organization, No.4 
[6] CDC (1971): Public Health Service recommendations on smallpox vaccination, Morbidity and 
Mortality Weekly Report- MMWR 20:339. 
[7] CDC (1976): Recommendation of the Public Health Service Advisory Committee on Immunization 
Practices: smallpox vaccination of hospital and health personnel, Morbidity and Mortality Weekly 
Report- MMWR 25:9. 
[8] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): Smallpox and its Eradication, World 
Health Organization. 
[9] FDA (09/05/2007): Product Approval Information ACAM2000, U.S. FDA/Center for Biologics 
Evaluation and Research, 10/08/2008, http://www.fda.gov/cber/products/acam2000.htm
[10] Uebler, N. (2008): A phase I study to evaluate take rate, immunogenicity and safety of the 2nd 
generation smallpox vaccine Elstree-BN, Bavarian Nordic, GMBH. Martinsried, Germany, 10/08/2008, 
http://www.bavarian-nordic.com/pdf/presentation/Elstree-BN%20Phase%20I.pdf
[11] Callaway, E. (2008): Bioterror: the green menace, Nature 452 [7184], pp. 148-50. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18337795
[12] Henderson, D. A. (1999): The looming threat of bioterrorism, Science 283 [5406], pp. 1279-82. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10037590
[13] Henderson, D. A.; Inglesby, T. V.; Bartlett, J. G.; Ascher, M. S.; Eitzen, E.; Jahrling, P. B.; Hauer, J.; 
Layton, M.; McDade, J.; Osterholm, M. T.; O'Toole, T.; Parker, G.; Perl, T.; Russell, P. K. and Tonat, 
K. (1999): Smallpox as a biological weapon: medical and public health management. Working Group 
on Civilian Biodefense, JAMA 281 [22], pp. 2127-37. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10367824
[14] Jahrling, P. B.; Fritz, E. A. and Hensley, L. E. (2005): Countermeasures to the bioterrorist threat of 
smallpox, Curr Mol Med 5 [8], pp. 817-26. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16375715
[15] Wenzel, R. P. (2002): Recognizing the real threat of biological terror, Trans Am Clin Climatol Assoc 
113, pp. 42-53; discussion 53-5. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12053717
[16] CDC (2008): Bioterrorism Argents/Diseases, CDC. 10/08/2008, http://www.bt.cdc.gov/agent/agentlist-
category.asp
[17] Vorou, R. M.; Papavassiliou, V. G. and Pierroutsakos, I. N. (2008): Cowpox virus infection: an 
emerging health threat, Curr Opin Infect Dis 21 [2], pp. 153-6. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18317038
[18] Chantrey, J.; Meyer, H.; Baxby, D.; Begon, M.; Bown, K. J.; Hazel, S. M.; Jones, T.; Montgomery, W. 





[19] DiGiulio, D. B. and Eckburg, P. B. (2004): Monkeypox in the Western hemisphere, N Engl J Med 350 
[17], pp. 1790-1; author reply 1790-1. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15106264
[20] Parker, S.; Nuara, A.; Buller, R. M. and Schultz, D. A. (2007): Human monkeypox: an emerging 
zoonotic disease, Future Microbiol 2, pp. 17-34. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17661673
[21] Hutin, Y. J.; Williams, R. J.; Malfait, P.; Pebody, R.; Loparev, V. N.; Ropp, S. L.; Rodriguez, M.; 
Knight, J. C.; Tshioko, F. K.; Khan, A. S.; Szczeniowski, M. V. and Esposito, J. J. (2001): Outbreak of 




[22] Meyer, H.; Perrichot, M.; Stemmler, M.; Emmerich, P.; Schmitz, H.; Varaine, F.; Shungu, R.; Tshioko, 
F. and Formenty, P. (2002): Outbreaks of disease suspected of being due to human monkeypox virus 
infection in the Democratic Republic of Congo in 2001, J Clin Microbiol 40 [8], pp. 2919-21. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12149352
[23] Mukinda, V. B.; Mwema, G.; Kilundu, M.; Heymann, D. L.; Khan, A. S. and Esposito, J. J. (1997): Re-
emergence of human monkeypox in Zaire in 1996. Monkeypox Epidemiologic Working Group, Lancet 
349 [9063], pp. 1449-50. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9164323
[24] Mwanbal, P. T.; Tshioko, K. F.; Moudi, A.; Mukinda, V.; Mwema, G. N.; Messinger, D.; Okito, L.; 
Barakymfyte, D.; Malfait, P.; Pebody, R.; Szczeniowski, M.; Esteves, K.; Heymann, D.; Hutin, Y.; 
Williams, R. J.; Khan, A. S. and Esposito, J. J. (1997): Human monkeypox in Kasai Oriental, Zaire 
(1996-1997), Euro Surveill 2 [5], pp. 33-35. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12631813
[25] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): Human monkeypox and other 
poxvirus infections of man, Smallpox and its Eradication pp. 1287-1320, World Health Organization, 
Geniva, Switzerland. 
[26] Reed, K. D.; Melski, J. W.; Graham, M. B.; Regnery, R. L.; Sotir, M. J.; Wegner, M. V.; Kazmierczak, 
J. J.; Stratman, E. J.; Li, Y.; Fairley, J. A.; Swain, G. R.; Olson, V. A.; Sargent, E. K.; Kehl, S. C.; 
Frace, M. A.; Kline, R.; Foldy, S. L.; Davis, J. P. and Damon, I. K. (2004): The detection of monkeypox 
in humans in the Western Hemisphere, N Engl J Med 350 [4], pp. 342-50. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14736926
[27] Hazel, S. M.; Bennett, M.; Chantrey, J.; Bown, K.; Cavanagh, R.; Jones, T. R.; Baxby, D. and Begon, 
M. (2000): A longitudinal study of an endemic disease in its wildlife reservoir: cowpox and wild 
rodents, Epidemiol Infect 124 [3], pp. 551-62. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10982080




[29] Begon, M.; Hazel, S. M.; Baxby, D.; Bown, K.; Cavanagh, R.; Chantrey, J.; Jones, T. and Bennett, M. 
(1999): Transmission dynamics of a zoonotic pathogen within and between wildlife host species, Proc 
Biol Sci 266 [1432], pp. 1939-45. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10584336
[30] Marennikova, S. S. and Shelukhina, E. M. (1976): White rats as source of pox infection in carnivora of 
the family Felidae, Acta Virol 20 [5], p. 442. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
11675
[31] Wolfs, T. F.; Wagenaar, J. A.; Niesters, H. G. and Osterhaus, A. D. (2002): Rat-to-human transmission 




[32] Baxby, D. (1994): Cowpox: increased incidence or interest?, Lancet 343 [8896], p. 543. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
7906785
[33] Baxby, D.; Bennett, M. and Getty, B. (1994): Human cowpox 1969-93: a review based on 54 cases, Br 
J Dermatol 131 [5], pp. 598-607. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
7999588
[34] Pilaski, J.; Rosen, A. and Darai, G. (1986): Comparative analysis of the genomes of orthopoxviruses 
isolated from elephant, rhinoceros, and okapi by restriction enzymes. Brief report, Arch Virol 88 [1-2], 
pp. 135-42. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
3954598
[35] Czerny, C. P.; Eis-Hubinger, A. M.; Mayr, A.; Schneweis, K. E. and Pfeiff, B. (1991): Animal 
poxviruses transmitted from cat to man: current event with lethal end, Zentralbl Veterinarmed B 38 [6], 
pp. 421-31. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1659066
[36] Klingebiel, T.; Vallbracht, A.; Doller, G.; Stierhof, Y. D.; Gerth, H. J.; Glashauser, E. and Herzau, V. 




[37] Di Giulio, D. B. and Eckburg, P. B. (2004): Human monkeypox: an emerging zoonosis, Lancet Infect 
Dis 4 [1], pp. 15-25. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14720564
[38] Kempe, C. H.; Dekking, F.; Saint Vincent, L.; Rao, A. R. and Downie, A. W. (1969): Conjunctivitis 
and subclinical infection in smallpox, J Hyg (Lond) 67 [4], pp. 631-6. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4311574
[39] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): The Epidemiology of Smallpox, 
Smallpox and its Eradication, World Health Organization, Geniva, Switzerland. 
[40] Mitra, A. C.; Sarkar, J. K. and Mukherjee, M. K. (1974): Virus content of smallpox scabs, Bull World 
Health Organ 51 [1], pp. 106-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4376067
[41] Rao A.R., Prahlad I. (1960): A study of 1,000 cases of smallpox., Journal of the Indian Medical 
Association 35, pp. 296-307.
[42] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): The clinical features of smallpox, 
Smallpox and its Eradication, World Health Organization, Geniva, Switzerland. 
[43] Marsden, J.P. (1936): A critical review of the clinical features of 13,686 cases of smallpox (variola 
minor), London County Council; Bulletin of hygiene [23], pp. 735-746.
[44] WHO (2008): 1997 - Monkeypox changes its pattern of human infection (14 April 1997; Disease 
Outbreak Report), Disease Outbreak News, Geneva, Schwitzerland, 
http://www.who.int/csr/don/1997_04_14/en/
[45] Jezek, Z.; Grab, B.; Szczeniowski, M. V.; Paluku, K. M. and Mutombo, M. (1988): Human monkeypox: 
secondary attack rates, Bull World Health Organ 66 [4], pp. 465-70. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2844429
[46] Jezek, Z.; Arita, I.; Mutombo, M.; Dunn, C.; Nakano, J. H. and Szczeniowski, M. (1986): Four 
generations of probable person-to-person transmission of human monkeypox, Am J Epidemiol 123 [6], 
pp. 1004-12. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
3010703
[47] Learned, L. A.; Reynolds, M. G.; Wassa, D. W.; Li, Y.; Olson, V. A.; Karem, K.; Stempora, L. L.; 
Braden, Z. H.; Kline, R.; Likos, A.; Libama, F.; Moudzeo, H.; Bolanda, J. D.; Tarangonia, P.; 
Boumandoki, P.; Formenty, P.; Harvey, J. M. and Damon, I. K. (2005): Extended interhuman 
References 104
transmission of monkeypox in a hospital community in the Republic of the Congo, 2003, Am J Trop 
Med Hyg 73 [2], pp. 428-34. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16103616
[48] Fine, P. E.; Jezek, Z.; Grab, B. and Dixon, H. (1988): The transmission potential of monkeypox virus in 
human populations, Int J Epidemiol 17 [3], pp. 643-50. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2850277
[49] Pahlitzsch, R.; Hammarin, A. L. and Widell, A. (2006): A case of facial cellulitis and necrotizing 
lymphadenitis due to cowpox virus infection, Clin Infect Dis 43 [6], pp. 737-42. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16912948
[50] Breman, J.G. (2000): Monkeypox: an emerging infection for humans?, Scheld W.M., Craig W.A., 
Hughes J.M., Emerging infections 4th pp. 45-67, ASM Press, Washington DC. 
[51] Jezek, Z.; Gromyko, A. I. and Szczeniowski, M. V. (1983): Human monkeypox, J Hyg Epidemiol 
Microbiol Immunol 27 [1], pp. 13-28. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
6304185
[52] Arita, I.; Jezek, Z.; Khodakevich, L. and Ruti, K. (1985): Human monkeypox: a newly emerged 




[53] Jezek, Z.; Szczeniowski, M.; Paluku, K. M. and Mutombo, M. (1987): Human monkeypox: clinical 
features of 282 patients, J Infect Dis 156 [2], pp. 293-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
3036967
[54] Sale, T. A.; Melski, J. W. and Stratman, E. J. (2006): Monkeypox: an epidemiologic and clinical 
comparison of African and US disease, J Am Acad Dermatol 55 [3], pp. 478-81. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16908354
[55] Reynolds, M. G.; Davidson, W. B.; Curns, A. T.; Conover, C. S.; Huhn, G.; Davis, J. P.; Wegner, M.; 
Croft, D. R.; Newman, A.; Obiesie, N. N.; Hansen, G. R.; Hays, P. L.; Pontones, P.; Beard, B.; Teclaw, 
R.; Howell, J. F.; Braden, Z.; Holman, R. C.; Karem, K. L. and Damon, I. K. (2007): Spectrum of 




[56] Croft, D. R.; Sotir, M. J.; Williams, C. J.; Kazmierczak, J. J.; Wegner, M. V.; Rausch, D.; Graham, M. 
B.; Foldy, S. L.; Wolters, M.; Damon, I. K.; Karem, K. L. and Davis, J. P. (2007): Occupational risks 
during a monkeypox outbreak, Wisconsin, 2003, Emerg Infect Dis 13 [8], pp. 1150-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17953084
[57] ACP (2008): Smallpox, Physicians, American College OF. 10/08/2008, 
http://www.acponline.org/clinical_information/journals_publications/acp_internist/may04/bio/smallpox
.htm
[58] Merck (November 2005): Monkeypox, Merck & Co., INC. Merck Manuals Online Medical Libary, 
10/08/2008, www.merck.com/mmpe/ sec14/ch193/ch193c.html 
[59] Blackford, S.; Roberts, D. L. and Thomas, P. D. (1993): Cowpox infection causing a generalized 
eruption in a patient with atopic dermatitis, Br J Dermatol 129 [5], pp. 628-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8251367
[60] Dugmore, W. N. and Dabir, Z. M. (1992): Cowpox virus, Br J Ophthalmol 76 [8], p. 510. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1390541
[61] Simcock, P. R.; Noble, J. L.; Tullo, A. B.; Morris, D. J. and Morgan-Capner, P. (1993): Cowpox virus, 




[62] Hall, C. J. and Stevens, J. D. (1987): Ocular cowpox, Lancet 1 [8524], p. 111. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2879168
[63] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): Pathogenesis, pathology and 
immunology of smallpox, Smallpox and its Eradication pp. 121-168, World Health Organization, 
Geniva, Switzerland. 
[64] Mac, Callum Fo; Mc, Pherson Ca and Johnstone, D. F. (1950): Laboratory investigation of smallpox 
patients with particular reference to infectivity in the early stages, Lancet 2 [6637], pp. 514-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14785198




[66] Downie, A. W.; Mc Carthy, K.; Macdonald, A.; Maccallum, F. O. and Macrae, A. E. (1953): Virus and 
virus antigen in the blood of smallpox patients; their significance in early diagnosis and prognosis, 
Lancet 265 [6778], pp. 164-6. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
13070577
[67] Fenner F., Henderson D.A., Arita I., Jezek Z., Ladnyi I.D. (1988): Variola virus and other 
orthopoxviruses Smallpox and its Eradication, World Health Organization, Geniva, Switzerland. 
[68] Gubser, C. and Smith, G. L. (2002): The sequence of camelpox virus shows it is most closely related to 
variola virus, the cause of smallpox, J Gen Virol 83 [Pt 4], pp. 855-72. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
11907336
[69] Baxby, D. (1974): Differentiation of smallpox and camelpox viruses in cultures of human and monkey 
cells, J Hyg (Lond) 72 [2], pp. 251-4. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4362412
[70] Gubser, C.; Hue, S.; Kellam, P. and Smith, G. L. (2004): Poxvirus genomes: a phylogenetic analysis, J 
Gen Virol 85 [Pt 1], pp. 105-17. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14718625
[71] McFadden, G. (2005): Poxvirus tropism, Nat Rev Microbiol 3 [3], pp. 201-13. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15738948
[72] Condit, R. C.; Moussatche, N. and Traktman, P. (2006): In a nutshell: structure and assembly of the 
vaccinia virion, Adv Virus Res 66, pp. 31-124. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16877059
[73] Patel, D. D.; Pickup, D. J. and Joklik, W. K. (1986): Isolation of cowpox virus A-type inclusions and 
characterization of their major protein component, Virology 149 [2], pp. 174-89. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
3456179
[74] PBR, Poxvirus Bioinformatics Resource Center  (2008), PBR. 10/08/2008, 
http://www.poxvirus.org/viruses.asp
[75] Garon, C. F.; Barbosa, E. and Moss, B. (1978): Visualization of an inverted terminal repetition in 
vaccinia virus DNA, Proc Natl Acad Sci U S A 75 [10], pp. 4863-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
283397
[76] DeLange, A. M. and McFadden, G. (1990): The role of telomeres in poxvirus DNA replication, Curr 
Top Microbiol Immunol 163, pp. 71-92. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2242682
[77] Merchlinsky, M. (1990): Mutational analysis of the resolution sequence of vaccinia virus DNA: 
essential sequence consists of two separate AT-rich regions highly conserved among poxviruses, J Virol 




[78] Merchlinsky, M. (1990): Resolution of poxvirus telomeres: processing of vaccinia virus concatemer 
junctions by conservative strand exchange, J Virol 64 [7], pp. 3437-46. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2352329
[79] Moss, B.; Esposito, J.J. and Fenner, F. (2001): Poxviridae (chapter 84 and 85) Fields, B.N.; Knipe, 
D.M.; Howley, P.M.; Griffin, D.E. and Lamb, R.A., Fields Virology, Lippincott Williams and Wilkins. 
[80] Senkevich, T. G. and Moss, B. (2005): Vaccinia virus H2 protein is an essential component of a 
complex involved in virus entry and cell-cell fusion, J Virol 79 [8], pp. 4744-54. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15795260
[81] Senkevich, T. G.; Ward, B. M. and Moss, B. (2004): Vaccinia virus entry into cells is dependent on a 
virion surface protein encoded by the A28L gene, J Virol 78 [5], pp. 2357-66. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14963132
[82] Townsley, A. C.; Senkevich, T. G. and Moss, B. (2005): Vaccinia virus A21 virion membrane protein is 
required for cell entry and fusion, J Virol 79 [15], pp. 9458-69. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16014909
[83] Lin, C. L.; Chung, C. S.; Heine, H. G. and Chang, W. (2000): Vaccinia virus envelope H3L protein 
binds to cell surface heparan sulfate and is important for intracellular mature virion morphogenesis and 
virus infection in vitro and in vivo, J Virol 74 [7], pp. 3353-65. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10708453
[84] Gong, S. C.; Lai, C. F. and Esteban, M. (1990): Vaccinia virus induces cell fusion at acid pH and this 




[85] Kochan, G.; Escors, D.; Gonzalez, J. M.; Casasnovas, J. M. and Esteban, M. (2008): Membrane cell 
fusion activity of the vaccinia virus A17-A27 protein complex, Cell Microbiol 10 [1], pp. 149-64. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17708756
[86] Vazquez, M. I.; Rivas, G.; Cregut, D.; Serrano, L. and Esteban, M. (1998): The vaccinia virus 14-
kilodalton (A27L) fusion protein forms a triple coiled-coil structure and interacts with the 21-kilodalton 
(A17L) virus membrane protein through a C-terminal alpha-helix, J Virol 72 [12], pp. 10126-37. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9811753
[87] Vanderplasschen, A. and Smith, G. L. (1997): A novel virus binding assay using confocal microscopy: 
demonstration that the intracellular and extracellular vaccinia virions bind to different cellular receptors, 
J Virol 71 [5], pp. 4032-41. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9094681
[88] Chung, C. S.; Hsiao, J. C.; Chang, Y. S. and Chang, W. (1998): A27L protein mediates vaccinia virus 
interaction with cell surface heparan sulfate, J Virol 72 [2], pp. 1577-85. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9445060
[89] Hsiao, J. C.; Chung, C. S. and Chang, W. (1998): Cell surface proteoglycans are necessary for A27L 
protein-mediated cell fusion: identification of the N-terminal region of A27L protein as the 
glycosaminoglycan-binding domain, J Virol 72 [10], pp. 8374-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9733888
[90] Doms, R. W.; Blumenthal, R. and Moss, B. (1990): Fusion of intra- and extracellular forms of vaccinia 
virus with the cell membrane, J Virol 64 [10], pp. 4884-92. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2398531
[91] Vanderplasschen, A.; Hollinshead, M. and Smith, G. L. (1998): Intracellular and extracellular vaccinia 




[92] Hsiao, J. C.; Chung, C. S. and Chang, W. (1999): Vaccinia virus envelope D8L protein binds to cell 
surface chondroitin sulfate and mediates the adsorption of intracellular mature virions to cells, J Virol 
73 [10], pp. 8750-61. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10482629
[93] Baldick, C. J., Jr. and Moss, B. (1993): Characterization and temporal regulation of mRNAs encoded by 
vaccinia virus intermediate-stage genes, J Virol 67 [6], pp. 3515-27. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8098779
[94] Wei, C. M. and Moss, B. (1975): Methylated nucleotides block 5'-terminus of vaccinia virus messenger 
RNA, Proc Natl Acad Sci U S A 72 [1], pp. 318-22. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
164018




[96] Moss, B., Winters, E., Jones, E.V. (1983): Replication of vaccinia virus, Cozzarelli, N., Mechanics of 
DNA replication and recombination. pp. 449-461, A.Liss, New York. 
[97] Merchlinsky, M. and Moss, B. (1989): Resolution of vaccinia virus DNA concatemer junctions requires 
late-gene expression, J Virol 63 [4], pp. 1595-603. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2926864
[98] Rodriguez, J. R.; Risco, C.; Carrascosa, J. L.; Esteban, M. and Rodriguez, D. (1997): Characterization 
of early stages in vaccinia virus membrane biogenesis: implications of the 21-kilodalton protein and a 
newly identified 15-kilodalton envelope protein, J Virol 71 [3], pp. 1821-33. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9032312
[99] Rodriguez, J. R.; Risco, C.; Carrascosa, J. L.; Esteban, M. and Rodriguez, D. (1998): Vaccinia virus 15-
kilodalton (A14L) protein is essential for assembly and attachment of viral crescents to virosomes, J 
Virol 72 [2], pp. 1287-96. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9445029
[100] Moss, B. and Rosenblum, E. N. (1973): Letter: Protein cleavage and poxvirus morphogenesis: tryptic 
peptide analysis of core precursors accumulated by blocking assembly with rifampicin, J Mol Biol 81 
[2], pp. 267-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4777308




[102] Sanderson, C. M.; Hollinshead, M. and Smith, G. L. (2000): The vaccinia virus A27L protein is needed 




[103] Salmons, T.; Kuhn, A.; Wylie, F.; Schleich, S.; Rodriguez, J. R.; Rodriguez, D.; Esteban, M.; Griffiths, 
G. and Locker, J. K. (1997): Vaccinia virus membrane proteins p8 and p16 are cotranslationally 
inserted into the rough endoplasmic reticulum and retained in the intermediate compartment, J Virol 71 
[10], pp. 7404-20. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9311819
[104] Sodeik, B.; Doms, R. W.; Ericsson, M.; Hiller, G.; Machamer, C. E.; van 't Hof, W.; van Meer, G.; 
Moss, B. and Griffiths, G. (1993): Assembly of vaccinia virus: role of the intermediate compartment 








[106] Blasco, R. and Moss, B. (1992): Role of cell-associated enveloped vaccinia virus in cell-to-cell spread, 
J Virol 66 [7], pp. 4170-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1602540
[107] Downie, A. W.; Saint Vincent, L.; Goldstein, L.; Rao, A. R. and Kempe, C. H. (1969): Antibody 
response in non-haemorrhagic smallpox patients, J Hyg (Lond) 67 [4], pp. 609-18. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4982558
[108] Mc Carthy, K.; Downie, A. W. and Bradley, W. H. (1958): The antibody response in man following 
infection with viruses of the pox group. II. Antibody response following vaccination, J Hyg (Lond) 56 
[4], pp. 466-78. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
13611243
[109] Amanna, I. J.; Slifka, M. K. and Crotty, S. (2006): Immunity and immunological memory following 
smallpox vaccination, Immunol Rev 211, pp. 320-37. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16824139
[110] Davies, D. H.; Liang, X.; Hernandez, J. E.; Randall, A.; Hirst, S.; Mu, Y.; Romero, K. M.; Nguyen, T. 
T.; Kalantari-Dehaghi, M.; Crotty, S.; Baldi, P.; Villarreal, L. P. and Felgner, P. L. (2005): Profiling the 
humoral immune response to infection by using proteome microarrays: high-throughput vaccine and 
diagnostic antigen discovery, Proc Natl Acad Sci U S A 102 [3], pp. 547-52. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15647345
[111] Jones-Trower, A.; Garcia, A.; Meseda, C. A.; He, Y.; Weiss, C.; Kumar, A.; Weir, J. P. and 
Merchlinsky, M. (2005): Identification and preliminary characterization of vaccinia virus (Dryvax) 
antigens recognized by vaccinia immune globulin, Virology 343 [1], pp. 128-40. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16165184
[112] Viner, K. M. and Isaacs, S. N. (2005): Activity of vaccinia virus-neutralizing antibody in the sera of 
smallpox vaccinees, Microbes Infect 7 [4], pp. 579-83. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15848274
[113] Demkowicz, W. E.; Maa, J. S. and Esteban, M. (1992): Identification and characterization of vaccinia 
virus genes encoding proteins that are highly antigenic in animals and are immunodominant in 
vaccinated humans, J Virol 66 [1], pp. 386-98. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1727494
[114] Rodriguez, J. F.; Janeczko, R. and Esteban, M. (1985): Isolation and characterization of neutralizing 
monoclonal antibodies to vaccinia virus, J Virol 56 [2], pp. 482-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4057358
[115] Ichihashi, Y. (1996): Extracellular enveloped vaccinia virus escapes neutralization, Virology 217 [2], 
pp. 478-85. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8610439
[116] Vanderplasschen, A.; Hollinshead, M. and Smith, G. L. (1997): Antibodies against vaccinia virus do not 
neutralize extracellular enveloped virus but prevent virus release from infected cells and comet 
formation, J Gen Virol 78 ( Pt 8), pp. 2041-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9267005
[117] Edghill-Smith, Y.; Golding, H.; Manischewitz, J.; King, L. R.; Scott, D.; Bray, M.; Nalca, A.; Hooper, 
J. W.; Whitehouse, C. A.; Schmitz, J. E.; Reimann, K. A. and Franchini, G. (2005): Smallpox vaccine-
induced antibodies are necessary and sufficient for protection against monkeypox virus, Nat Med 11 




[118] Alcami, A. and Koszinowski, U. H. (2000): Viral mechanisms of immune evasion, Immunol Today 21 
[9], pp. 447-55. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10953097
[119] Dunlop, L. R.; Oehlberg, K. A.; Reid, J. J.; Avci, D. and Rosengard, A. M. (2003): Variola virus 
immune evasion proteins, Microbes Infect 5 [11], pp. 1049-56. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12941397
[120] Jackson, S. S.; Ilyinskii, P.; Philippon, V.; Gritz, L.; Yafal, A. G.; Zinnack, K.; Beaudry, K. R.; 
Manson, K. H.; Lifton, M. A.; Kuroda, M. J.; Letvin, N. L.; Mazzara, G. P. and Panicali, D. L. (2005): 
Role of genes that modulate host immune responses in the immunogenicity and pathogenicity of 
vaccinia virus, J Virol 79 [10], pp. 6554-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15858042
[121] Kotwal, G. J. (2000): Poxviral mimicry of complement and chemokine system components: what's the 
end game?, Immunol Today 21 [5], pp. 242-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10782056
[122] Seet, B. T.; Johnston, J. B.; Brunetti, C. R.; Barrett, J. W.; Everett, H.; Cameron, C.; Sypula, J.; 
Nazarian, S. H.; Lucas, A. and McFadden, G. (2003): Poxviruses and immune evasion, Annu Rev 
Immunol 21, pp. 377-423. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12543935
[123] Johnston, J. B. and McFadden, G. (2004): Technical knockout: understanding poxvirus pathogenesis by 
selectively deleting viral immunomodulatory genes, Cell Microbiol 6 [8], pp. 695-705. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15236637
[124] Stanford, M. M.; McFadden, G.; Karupiah, G. and Chaudhri, G. (2007): Immunopathogenesis of 
poxvirus infections: forecasting the impending storm, Immunol Cell Biol 85 [2], pp. 93-102. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17228320
[125] Puissant, B. and Combadiere, B. (2006): Keeping the memory of smallpox virus, Cell Mol Life Sci 63 
[19-20], pp. 2249-59. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16964577
[126] Stittelaar, K. J.; Neyts, J.; Naesens, L.; van Amerongen, G.; van Lavieren, R. F.; Holy, A.; De Clercq, 
E.; Niesters, H. G.; Fries, E.; Maas, C.; Mulder, P. G.; van der Zeijst, B. A. and Osterhaus, A. D. 
(2006): Antiviral treatment is more effective than smallpox vaccination upon lethal monkeypox virus 
infection, Nature 439 [7077], pp. 745-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16341204
[127] Staib, C.; Suezer, Y.; Kisling, S.; Kalinke, U. and Sutter, G. (2006): Short-term, but not post-exposure, 
protection against lethal orthopoxvirus challenge after immunization with modified vaccinia virus 
Ankara, J Gen Virol 87 [Pt 10], pp. 2917-21. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16963750
[128] De Clercq, E. (2002): Cidofovir in the therapy and short-term prophylaxis of poxvirus infections, 
Trends Pharmacol Sci 23 [10], pp. 456-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12368068
[129] Grosenbach, D. W.; Jordan, R.; King, D. S.; Berhanu, A.; Warren, T. K.; Kirkwood-Watts, D. L.; 
Tyavanagimatt, S.; Tan, Y.; Wilson, R. L.; Jones, K. F. and Hruby, D. E. (2008): Immune responses to 
the smallpox vaccine given in combination with ST-246, a small-molecule inhibitor of poxvirus 




[130] Quenelle, D. C.; Buller, R. M.; Parker, S.; Keith, K. A.; Hruby, D. E.; Jordan, R. and Kern, E. R. 
(2007): Efficacy of delayed treatment with ST-246 given orally against systemic orthopoxvirus 
infections in mice, Antimicrob Agents Chemother 51 [2], pp. 689-95. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17116683
[131] Quenelle, D. C.; Prichard, M. N.; Keith, K. A.; Hruby, D. E.; Jordan, R.; Painter, G. R.; Robertson, A. 
and Kern, E. R. (2007): Synergistic efficacy of the combination of ST-246 with CMX001 against 
orthopoxviruses, Antimicrob Agents Chemother 51 [11], pp. 4118-24. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17724153
[132] Yang, G.; Pevear, D. C.; Davies, M. H.; Collett, M. S.; Bailey, T.; Rippen, S.; Barone, L.; Burns, C.; 
Rhodes, G.; Tohan, S.; Huggins, J. W.; Baker, R. O.; Buller, R. L.; Touchette, E.; Waller, K.; 
Schriewer, J.; Neyts, J.; DeClercq, E.; Jones, K.; Hruby, D. and Jordan, R. (2005): An orally 
bioavailable antipoxvirus compound (ST-246) inhibits extracellular virus formation and protects mice 
from lethal orthopoxvirus Challenge, J Virol 79 [20], pp. 13139-49. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16189015
[133] CDC (2008): Household Transmission of Vaccinia Virus from Contact with a Military Smallpox 
Vaccinee, Illinois and Indiana, 2007, Morbidity and Mortality Weekly Report- MMWR 
[134] Harrison, S. C.; Alberts, B.; Ehrenfeld, E.; Enquist, L.; Fineberg, H.; McKnight, S. L.; Moss, B.; 
O'Donnell, M.; Ploegh, H.; Schmid, S. L.; Walter, K. P. and Theriot, J. (2004): Discovery of antivirals 
against smallpox, Proc Natl Acad Sci U S A 101 [31], pp. 11178-92. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15249657
[135] Smee, D. F.; Bailey, K. W. and Sidwell, R. W. (2002): Treatment of lethal cowpox virus respiratory 
infections in mice with 2-amino-7-[(1,3-dihydroxy-2-propoxy)methyl]purine and its orally active 
diacetate ester prodrug, Antiviral Res 54 [2], pp. 113-20. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12062396
[136] Smee, D. F. and Sidwell, R. W. (2003): A review of compounds exhibiting anti-orthopoxvirus activity 
in animal models, Antiviral Res 57 [1-2], pp. 41-52. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12615302




[138] Byrd, C. M.; Bolken, T. C.; Mjalli, A. M.; Arimilli, M. N.; Andrews, R. C.; Rothlein, R.; Andrea, T.; 
Rao, M.; Owens, K. L. and Hruby, D. E. (2004): New class of orthopoxvirus antiviral drugs that block 
viral maturation, J Virol 78 [22], pp. 12147-56. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15507601
[139] Damaso, C. R. and Moussatche, N. (1998): Inhibition of vaccinia virus replication by cyclosporin A 




[140] Quenelle, D. C.; Keith, K. A. and Kern, E. R. (2006): In vitro and in vivo evaluation of isatin-beta-
thiosemicarbazone and marboran against vaccinia and cowpox virus infections, Antiviral Res 71 [1], 
pp. 24-30. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16621041
[141] Reis, S. A.; Moussatche, N. and Damaso, C. R. (2006): FK506, a secondary metabolite produced by 
Streptomyces, presents a novel antiviral activity against Orthopoxvirus infection in cell culture, J Appl 
Microbiol 100 [6], pp. 1373-80. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16696686
[142] Su, H. P.; Garman, S. C.; Allison, T. J.; Fogg, C.; Moss, B. and Garboczi, D. N. (2005): The 1.51-
Angstrom structure of the poxvirus L1 protein, a target of potent neutralizing antibodies, Proc Natl 
References 111
Acad Sci U S A 102 [12], pp. 4240-5. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15761054
[143] Berhanu, A.; Wilson, R. L.; Kirkwood-Watts, D. L.; King, D. S.; Warren, T. K.; Lund, S. A.; Brown, L. 
L.; Krupkin, A. K.; Vandermay, E.; Weimers, W.; Honeychurch, K. M.; Grosenbach, D. W.; Jones, K. 
F. and Hruby, D. E. (2008): Vaccination of BALB/c mice with Escherichia coli-expressed vaccinia 
virus proteins A27L, B5R, and D8L protects mice from lethal vaccinia virus challenge, J Virol 82 [7], 
pp. 3517-29. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18199639
[144] Dave, R. S.; McGettigan, J. P.; Qureshi, T.; Schnell, M. J.; Nunnari, G. and Pomerantz, R. J. (2006): 
siRNA targeting vaccinia virus double-stranded RNA binding protein [E3L] exerts potent antiviral 
effects, Virology 348 [2], pp. 489-97. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16480752
[145] Nitsche, A.; Kurth, A.; Dunkhorst, A.; Panke, O.; Sielaff, H.; Junge, W.; Muth, D.; Scheller, F.; 
Stocklein, W.; Dahmen, C.; Pauli, G. and Kage, A. (2007): One-step selection of Vaccinia virus-
binding DNA aptamers by MonoLEX, BMC Biotechnol 7, p. 48. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17697378
[146] Sakhatskyy, P.; Wang, S.; Chou, T. H. and Lu, S. (2006): Immunogenicity and protection efficacy of 




[147] Kenner, J.; Cameron, F.; Empig, C.; Jobes, D. V. and Gurwith, M. (2006): LC16m8: an attenuated 
smallpox vaccine, Vaccine 24 [47-48], pp. 7009-22. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17052815
[148] Empig, C.; Kenner, J. R.; Perret-Gentil, M.; Youree, B. E.; Bell, E.; Chen, A.; Gurwith, M.; Higgins, 
K.; Lock, M.; Rice, A. D.; Schriewer, J.; Sinangil, F.; White, E.; Buller, R. M.; Dermody, T. S.; Isaacs, 
S. N. and Moyer, R. W. (2006): Highly attenuated smallpox vaccine protects rabbits and mice against 
pathogenic orthopoxvirus challenge, Vaccine 24 [17], pp. 3686-94. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16430997
[149] Wyatt, L. S.; Earl, P. L.; Eller, L. A. and Moss, B. (2004): Highly attenuated smallpox vaccine protects 
mice with and without immune deficiencies against pathogenic vaccinia virus challenge, Proc Natl 
Acad Sci U S A 101 [13], pp. 4590-5. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15070762
[150] Earl, P. L.; Americo, J. L.; Wyatt, L. S.; Eller, L. A.; Whitbeck, J. C.; Cohen, G. H.; Eisenberg, R. J.; 
Hartmann, C. J.; Jackson, D. L.; Kulesh, D. A.; Martinez, M. J.; Miller, D. M.; Mucker, E. M.; 
Shamblin, J. D.; Zwiers, S. H.; Huggins, J. W.; Jahrling, P. B. and Moss, B. (2004): Immunogenicity of 




[151] Artenstein, A. W.; Johnson, C.; Marbury, T. C.; Morrison, D.; Blum, P. S.; Kemp, T.; Nichols, R.; 
Balser, J. P.; Currie, M. and Monath, T. P. (2005): A novel, cell culture-derived smallpox vaccine in 
vaccinia-naive adults, Vaccine 23 [25], pp. 3301-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15837236
[152] Weltzin, R.; Liu, J.; Pugachev, K. V.; Myers, G. A.; Coughlin, B.; Blum, P. S.; Nichols, R.; Johnson, 
C.; Cruz, J.; Kennedy, J. S.; Ennis, F. A. and Monath, T. P. (2003): Clonal vaccinia virus grown in cell 
culture as a new smallpox vaccine, Nat Med 9 [9], pp. 1125-30. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12925845
[153] Esteban, D. J. and Buller, R. M. (2005): Ectromelia virus: the causative agent of mousepox, J Gen Virol 




[154] Schriewer, J.; Buller, R. M. and Owens, G. (2004): Mouse models for studying orthopoxvirus 
respiratory infections, Methods Mol Biol 269, pp. 289-308. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15114022
[155] De Clercq, E. and De Somer, P. (1968): Effect of interferon, polyacrylin acid, and polymethacrylic acid 
on tail lesions on mice infected with vaccinia virus, Appl Microbiol 16 [9], pp. 1314-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
5676405
[156] Quenelle, D. C.; Collins, D. J. and Kern, E. R. (2003): Efficacy of multiple- or single-dose cidofovir 




[157] Mims, C. A. (1959): The response of mice to large intravenous injections of ectromelia virus. II. The 
growth of virus in the liver, Br J Exp Pathol 40, pp. 543-50. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14422712
[158] Jordan, R. and Hruby, D. (2006): Smallpox antiviral drug development: satisfying the animal efficacy 
rule, Expert Rev Anti Infect Ther 4 [2], pp. 277-89. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16597208
[159] Westwood, J. C.; Boulter, E. A.; Bowen, E. T. and Maber, H. B. (1966): Experimental respiratory 
infection with poxviruses. I. Clinical virological and epidemiological studies, Br J Exp Pathol 47 [5], 
pp. 453-65. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
4288602
[160] Hooper, J. W.; Thompson, E.; Wilhelmsen, C.; Zimmerman, M.; Ichou, M. A.; Steffen, S. E.; 
Schmaljohn, C. S.; Schmaljohn, A. L. and Jahrling, P. B. (2004): Smallpox DNA vaccine protects 
nonhuman primates against lethal monkeypox, J Virol 78 [9], pp. 4433-43. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15078924
[161] Jahrling, P. B.; Hensley, L. E.; Martinez, M. J.; Leduc, J. W.; Rubins, K. H.; Relman, D. A. and 
Huggins, J. W. (2004): Exploring the potential of variola virus infection of cynomolgus macaques as a 
model for human smallpox, Proc Natl Acad Sci U S A 101 [42], pp. 15196-200. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15477589
[162] Zaucha, G. M.; Jahrling, P. B.; Geisbert, T. W.; Swearengen, J. R. and Hensley, L. (2001): The 
pathology of experimental aerosolized monkeypox virus infection in cynomolgus monkeys (Macaca 
fascicularis), Lab Invest 81 [12], pp. 1581-600. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
11742030
[163] Saijo, M.; Ami, Y.; Suzaki, Y.; Nagata, N.; Iwata, N.; Hasegawa, H.; Ogata, M.; Fukushi, S.; Mizutani, 
T.; Sata, T.; Kurata, T.; Kurane, I. and Morikawa, S. (2006): LC16m8, a highly attenuated vaccinia 
virus vaccine lacking expression of the membrane protein B5R, protects monkeys from monkeypox, J 
Virol 80 [11], pp. 5179-88. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16698998
[164] Stittelaar, K. J.; van Amerongen, G.; Kondova, I.; Kuiken, T.; van Lavieren, R. F.; Pistoor, F. H.; 
Niesters, H. G.; van Doornum, G.; van der Zeijst, B. A.; Mateo, L.; Chaplin, P. J. and Osterhaus, A. D. 
(2005): Modified vaccinia virus Ankara protects macaques against respiratory challenge with 
monkeypox virus, J Virol 79 [12], pp. 7845-51. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15919938
[165] Matz-Rensing, K.; Ellerbrok, H.; Ehlers, B.; Pauli, G.; Floto, A.; Alex, M.; Czerny, C. P. and Kaup, F. 





[166] Nitsche, A.; Ellerbrok, H. and Pauli, G. (2004): Detection of orthopoxvirus DNA by real-time PCR and 
identification of variola virus DNA by melting analysis, J Clin Microbiol 42 [3], pp. 1207-13. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15004077
[167] Felsenstein, J. (1993): PHYLIP (phylogeny inference package), Department of Genetics, University of 
Washington, Seattle, WA, distributed by the author, version 3.c. 
[168] Felsenstein, j. (1985): Confidence limits on phylogenies: an approach using the bootstrap, Evolution 39 
[4], pp. 783-791.
[169] Charnock, J. S.; Abeywardena, M. Y.; Poletti, V. M. and McLennan, P. L. (1992): Differences in fatty 
acid composition of various tissues of the marmoset monkey (Callithrix jacchus) after different lipid 
supplemented diets, Comp Biochem Physiol Comp Physiol 101 [2], pp. 387-93. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1348468
[170] Marshall, J. W. and Ridley, R. M. (2003): Assessment of cognitive and motor deficits in a marmoset 
model of stroke, ILAR J 44 [2], pp. 153-60. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12652010
[171] Eslamboli, A. (2005): Marmoset monkey models of Parkinson's disease: which model, when and why?, 
Brain Res Bull 68 [3], pp. 140-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16325013
[172] van Vliet, S. A.; Vanwersch, R. A.; Jongsma, M. J.; Olivier, B. and Philippens, I. H. (2008): 
Therapeutic effects of Delta9-THC and modafinil in a marmoset Parkinson model, Eur 
Neuropsychopharmacol 18 [5], pp. 383-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18222654
[173] Hart, B. A.; van Meurs, M.; Brok, H. P.; Massacesi, L.; Bauer, J.; Boon, L.; Bontrop, R. E. and Laman, 
J. D. (2000): A new primate model for multiple sclerosis in the common marmoset, Immunol Today 21 
[6], pp. 290-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10825741
[174] Genain, C. P. and Hauser, S. L. (1997): Creation of a model for multiple sclerosis in Callithrix jacchus 
marmosets, J Mol Med 75 [3], pp. 187-97. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9106075
[175] Carrion, R., Jr.; Brasky, K.; Mansfield, K.; Johnson, C.; Gonzales, M.; Ticer, A.; Lukashevich, I.; 
Tardif, S. and Patterson, J. (2007): Lassa virus infection in experimentally infected marmosets: liver 
pathology and immunophenotypic alterations in target tissues, J Virol 81 [12], pp. 6482-90. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17409137
[176] Lever, M. S.; Stagg, A. J.; Nelson, M.; Pearce, P.; Stevens, D. J.; Scott, E. A.; Simpson, A. J. and 
Fulop, M. J. (2008): Experimental respiratory anthrax infection in the common marmoset (Callithrix 
jacchus), Int J Exp Pathol 89 [3], pp. 171-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18460069
[177] Woollard, D. J.; Haqshenas, G.; Dong, X.; Pratt, B. F.; Kent, S. J. and Gowans, E. J. (2008): Virus-
specific T-cell immunity correlates with control of GB virus B infection in marmosets, J Virol 82 [6], 
pp. 3054-60. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18094181
[178] Neubert, R.; Helge, H. and Neubert, D. (1995): Proliferative capacity of marmoset lymphocytes after 
tetanus vaccination and lack of 2,3,7,8-tetrachlorodibenzo-p-dioxin to reduce a booster effect, Life Sci 
56 [6], pp. 437-44. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
7830504
[179] Groves, C. (2001): Primate taxonomy, Smithsonian Inst Pr., Washington DC. 
[180] Rowe, N. (1996): The pictural guide to the living primates, Pegonias Press, East Hampton, New York. 
References 114
[181] Garber, P.A; Rosenberger, A.L and Norconk, M.A. (1996): Marmoset misconceptions, Norconk, M.A; 
Rosenberger, A.L and Garber, P.A, Adaptive radiations of neotropical primates, Plenum Pr. p 87-95., 
New York. 
[182] Digby, L. J. and Barreto, C. E. (1993): Social organization in a wild population of Callithrix jacchus. I. 
Group composition and dynamics, Folia Primatol (Basel) 61 [3], pp. 123-34. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8206418
[183] Sussman, R.W. (2000): New World Monkeys., Primate Ecology and Social Structure Vol. 2, Pearson 
Custom Publishing, Boston, MA. 
[184] Barrett, J.; Abbott, D. H. and George, L. M. (1993): Sensory cues and the suppression of reproduction 
in subordinate female marmoset monkeys, Callithrix jacchus, J Reprod Fertil 97 [1], pp. 301-10. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8464022
[185] Kinzey, W.G. (1997): Synopsis of New World primates (16 genera), Kinzey, W.G., New world 
primates: ecology, evolution, and behavior, Aldine de Gruyter. p 169-324, New York. 
[186] Rylands, A.B.  and de Faria, D.S. (1993): Habitats, Feeding Ecology, and Home Range Size in the 
genus Callithrix, Rylands, A.B., Marmosets and Tamarins, Oxford University Press., Oxford. 
[187] Kettle, S.; Blake, N. W.; Law, K. M. and Smith, G. L. (1995): Vaccinia virus serpins B13R (SPI-2) and 
B22R (SPI-1) encode M(r) 38.5 and 40K, intracellular polypeptides that do not affect virus virulence in 
a murine intranasal model, Virology 206 [1], pp. 136-47. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
7831769
[188] Smee, D. F.; Bailey, K. W.; Wong, M. and Sidwell, R. W. (2000): Intranasal treatment of cowpox virus 
respiratory infections in mice with cidofovir, Antiviral Res 47 [3], pp. 171-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
10974369
[189] CDC (2008): Smallpox Vaccination and Adverse Events Training Module, CDC. Atlanta, USA, 
10/08/2008, http://www.bt.cdc.gov/training/smallpoxvaccine/reactions/vac_method.html
[190] Library, Public Health Image (2008): picture ID # 2841, CDC. Atlanta, USA, 10/08/2008, 
http://phil.cdc.gov/Phil/home.asp
[191] Newman, F. K.; Frey, S. E.; Blevins, T. P.; Mandava, M.; Bonifacio, A., Jr.; Yan, L. and Belshe, R. B. 
(2003): Improved assay to detect neutralizing antibody following vaccination with diluted or undiluted 
vaccinia (Dryvax) vaccine, J Clin Microbiol 41 [7], pp. 3154-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12843056
[192] Czerkinsky, C. C.; Nilsson, L. A.; Nygren, H.; Ouchterlony, O. and Tarkowski, A. (1983): A solid-
phase enzyme-linked immunospot (ELISPOT) assay for enumeration of specific antibody-secreting 
cells, J Immunol Methods 65 [1-2], pp. 109-21. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
6361139
[193] Pahl, A.; Zhang, M.; Torok, K.; Kuss, H.; Friedrich, U.; Magyar, Z.; Szekely, J.; Horvath, K.; Brune, K. 
and Szelenyi, I. (2002): Anti-inflammatory effects of a cyclosporine receptor-binding compound, D-
43787, J Pharmacol Exp Ther 301 [2], pp. 738-46. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
11961080
[194] Nitsche, A. (2007): Oligonucleotide Design for In-House Real-Time PCR Applications in 
Microbiology, Mackay, Ian M., Real-Time PCR in Microbiology: From Diagnosis to Characterization, 
Caister Academic Press., Wymondham, UK. 
[195] NCBI (2008), National Center, for Biotechnology, Information. 10/08/2008, 07/23/2008, 
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Nucleotides&PROGRAM=blastn&MEGABLAST=on&
BLAST_PROGRAMS=megaBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on
[196] Rychlik, W.; Spencer, W. J. and Rhoads, R. E. (1990): Optimization of the annealing temperature for 
DNA amplification in vitro, Nucleic Acids Res 18 [21], pp. 6409-12. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
2243783
[197] Mackay, I. M.; Arden, K. E. and Nitsche, A. (2002): Real-time PCR in virology, Nucleic Acids Res 30 




[198] Watzinger, F.; Ebner, K. and Lion, T. (2006): Detection and monitoring of virus infections by real-time 
PCR, Mol Aspects Med 27 [2-3], pp. 254-98. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16481036
[199] Sanger, F.; Nicklen, S. and Coulson, A. R. (1977): DNA sequencing with chain-terminating inhibitors, 
Proc Natl Acad Sci U S A 74 [12], pp. 5463-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
271968
[200] Spouge, J. L. (1992): Statistical analysis of sparse infection data and its implications for retroviral 
treatment trials in primates, Proc Natl Acad Sci U S A 89 [16], pp. 7581-5. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1323844
[201] Thornburg, N. J.; Ray, C. A.; Collier, M. L.; Liao, H. X.; Pickup, D. J. and Johnston, R. E. (2007): 
Vaccination with Venezuelan equine encephalitis replicons encoding cowpox virus structural proteins 
protects mice from intranasal cowpox virus challenge, Virology 362 [2], pp. 441-52. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17292434
[202] Promedmail (14-july-2008; ): Monkeypox- Congo DR (Bokungu); Archive Number: 20080714.2141, 
http://www.promedmail.com. 
[203] Guarner, J.; Johnson, B. J.; Paddock, C. D.; Shieh, W. J.; Goldsmith, C. S.; Reynolds, M. G.; Damon, I. 
K.; Regnery, R. L. and Zaki, S. R. (2004): Monkeypox transmission and pathogenesis in prairie dogs, 
Emerg Infect Dis 10 [3], pp. 426-31. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15109408
[204] Rubins, K. H.; Hensley, L. E.; Jahrling, P. B.; Whitney, A. R.; Geisbert, T. W.; Huggins, J. W.; Owen, 
A.; Leduc, J. W.; Brown, P. O. and Relman, D. A. (2004): The host response to smallpox: analysis of 
the gene expression program in peripheral blood cells in a nonhuman primate model, Proc Natl Acad 
Sci U S A 101 [42], pp. 15190-5. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15477590
[205] Downie, A. W. and Mc Carthy, K. (1958): The antibody response in man following infection with 
viruses of the pox group. III. Antibody response in smallpox, J Hyg (Lond) 56 [4], pp. 479-87. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
13611244
[206] Mack, T. M.; Noble, J., Jr. and Thomas, D. B. (1972): A prospective study of serum antibody and 
protection against smallpox, Am J Trop Med Hyg 21 [2], pp. 214-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
5061278
[207] Sarkar, J. K.; Mitra, A. C. and Mukherjee, M. K. (1975): The minimum protective level of antibodies in 
smallpox, Bull World Health Organ 52 [3], pp. 307-11. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1084801
[208] Jezek, Z.; Grab, B.; Paluku, K. M. and Szczeniowski, M. V. (1988): Human monkeypox: disease 




[209] Heraud, J. M.; Edghill-Smith, Y.; Ayala, V.; Kalisz, I.; Parrino, J.; Kalyanaraman, V. S.; Manischewitz, 
J.; King, L. R.; Hryniewicz, A.; Trindade, C. J.; Hassett, M.; Tsai, W. P.; Venzon, D.; Nalca, A.; 
Vaccari, M.; Silvera, P.; Bray, M.; Graham, B. S.; Golding, H.; Hooper, J. W. and Franchini, G. (2006): 
Subunit recombinant vaccine protects against monkeypox, J Immunol 177 [4], pp. 2552-64. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16888017
[210] Marriott, K.A. (2008): Characterization and Description of a Respiratory Challenge Model of Poxvirus 
Infection, Paul-Ehrlich-Institut. 17th International Poxvirus and Indirovirus Conference, Grainau, 
Germany 
[211] LeDuc, J. W. and Jahrling, P. B. (2001): Strengthening national preparedness for smallpox: an update, 




[212] Bennett, M.; Crouch, A. J.; Begon, M.; Duffy, B.; Feore, S.; Gaskell, R. M.; Kelly, D. F.; McCracken, 




[213] Marennikova, S. S.; Shelukhina, E. M. and Efremova, E. V. (1984): New outlook on the biology of 
cowpox virus, Acta Virol 28 [5], pp. 437-44. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
6151360
[214] Burthe, S.; Telfer, S.; Begon, M.; Bennett, M.; Smith, A. and Lambin, X. (2008): Cowpox virus 
infection in natural field vole Microtus agrestis populations: significant negative impacts on survival, J 
Anim Ecol 77 [1], pp. 110-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
18177331
[215] Carslake, D.; Bennett, M.; Hazel, S.; Telfer, S. and Begon, M. (2006): Inference of cowpox virus 
transmission rates between wild rodent host classes using space-time interaction, Proc Biol Sci 273 
[1588], pp. 775-82. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16618669
[216] Bach, E. A.; Aguet, M. and Schreiber, R. D. (1997): The IFN gamma receptor: a paradigm for cytokine 
receptor signaling, Annu Rev Immunol 15, pp. 563-91. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9143700
[217] Samuel, C. E. (1991): Antiviral actions of interferon. Interferon-regulated cellular proteins and their 
surprisingly selective antiviral activities, Virology 183 [1], pp. 1-11. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1711253
[218] Biron, C. A.; and Sen, G.C. (2001): Interferons and other cytokines, D. M. Knipe, P. M. Howley, D. E. 
Griffin, M. Martin, B.  and Roizman, and S. E. Straus Fields virology, 4th ed pp. 321–351, Lippincott-
Raven, , Philadelphia, Pa. . 




[220] Jorgensen, J. L.; Reay, P. A.; Ehrich, E. W. and Davis, M. M. (1992): Molecular components of T-cell 
recognition, Annu Rev Immunol 10, pp. 835-73. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
1591005
[221] Demkowicz, W. E., Jr.; Littaua, R. A.; Wang, J. and Ennis, F. A. (1996): Human cytotoxic T-cell 
memory: long-lived responses to vaccinia virus, J Virol 70 [4], pp. 2627-31. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
8642697
[222] Kotwal, G. J.; Isaacs, S. N.; McKenzie, R.; Frank, M. M. and Moss, B. (1990): Inhibition of the 




[223] Beattie, E.; Paoletti, E. and Tartaglia, J. (1995): Distinct patterns of IFN sensitivity observed in cells 
infected with vaccinia K3L- and E3L- mutant viruses, Virology 210 [2], pp. 254-63. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
7542414
[224] WPRC, Wisconsin Primate Research Center - Primate Info Net, The Callicam: Current Reasearch, 
Libary and Information Service, National Primate Researche Center, University Wisconsin-Madison 
[225] Neubert, R.; Foerster, M.; Nogueira, A. C. and Helge, H. (1996): Cross-reactivity of antihuman 





[226] Brok, H. P.; Hornby, R. J.; Griffiths, G. D.; Scott, L. A. and Hart, B. A. (2001): An extensive 
monoclonal antibody panel for the phenotyping of leukocyte subsets in the common marmoset and the 
cotton-top tamarin, Cytometry 45 [4], pp. 294-303. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
11746099
[227] Wong, M. L. and Medrano, J. F. (2005): Real-time PCR for mRNA quantitation, Biotechniques 39 [1], 
pp. 75-85. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16060372
[228] Espy, M. J.; Uhl, J. R.; Sloan, L. M.; Buckwalter, S. P.; Jones, M. F.; Vetter, E. A.; Yao, J. D.; 
Wengenack, N. L.; Rosenblatt, J. E.; Cockerill, F. R., 3rd and Smith, T. F. (2006): Real-time PCR in 




[229] Rock, M. T.; Yoder, S. M.; Talbot, T. R.; Edwards, K. M. and Crowe, J. E., Jr. (2006): Cellular immune 




[230] Auckland, C.; Cowlishaw, A.; Morgan, D. and Miller, E. (2005): Reactions to small pox vaccine in 
naive and previously-vaccinated individuals, Vaccine 23 [32], pp. 4185-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15916840
[231] CDC (2007): Smallpox Vaccination Method, CDC. 10/08/2008, 02/07/2007, 
http://emergency.cdc.gov/agent/smallpox/vaccination/vaccination-method.asp
[232] Cohen, J. I.; Hohman, P.; Preuss, J. C.; Li, L.; Fischer, S. H. and Fedorko, D. P. (2007): Detection of 
vaccinia virus DNA, but not infectious virus, in the blood of smallpox vaccine recipients, Vaccine 25 
[23], pp. 4571-4. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17493714
[233] Savona, M. R.; Dela Cruz, W. P.; Jones, M. S.; Thornton, J. A.; Xia, D.; Hadfield, T. L. and Danaher, P. 




[234] Blattner, R. J.; Norman, J. O.; Heys, F. M. and Aksu, I. (1964): Antibody Response to Cutaneous 




[235] Cummings, J. F.; Polhemus, M. E.; Hawkes, C.; Klote, M.; Ludwig, G. V. and Wortmann, G. (2004): 
Lack of vaccinia viremia after smallpox vaccination, Clin Infect Dis 38 [3], pp. 456-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14727224
[236] Panning, M.; Asper, M.; Kramme, S.; Schmitz, H. and Drosten, C. (2004): Rapid detection and 
differentiation of human pathogenic orthopox viruses by a fluorescence resonance energy transfer real-
time PCR assay, Clin Chem 50 [4], pp. 702-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
14962998
[237] Metzger, W. and Mordmueller, B. G. (2007): Vaccines for preventing smallpox, Cochrane Database 
Syst Rev [3], p. CD004913. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17636779
[238] Xu, R.; Johnson, A. J.; Liggitt, D. and Bevan, M. J. (2004): Cellular and humoral immunity against 




[239] Hammarlund, E.; Lewis, M. W.; Hansen, S. G.; Strelow, L. I.; Nelson, J. A.; Sexton, G. J.; Hanifin, J. 
M. and Slifka, M. K. (2003): Duration of antiviral immunity after smallpox vaccination, Nat Med 9 [9], 
pp. 1131-7. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12925846




[241] Chaudhri, G.; Panchanathan, V.; Bluethmann, H. and Karupiah, G. (2006): Obligatory requirement for 
antibody in recovery from a primary poxvirus infection, J Virol 80 [13], pp. 6339-44. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16775322
[242] Fang, M. and Sigal, L. J. (2005): Antibodies and CD8+ T cells are complementary and essential for 
natural resistance to a highly lethal cytopathic virus, J Immunol 175 [10], pp. 6829-36. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16272340
[243] Panchanathan, V.; Chaudhri, G. and Karupiah, G. (2005): Interferon function is not required for 
recovery from a secondary poxvirus infection, Proc Natl Acad Sci U S A 102 [36], pp. 12921-6. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16123129
[244] Panchanathan, V.; Chaudhri, G. and Karupiah, G. (2006): Protective immunity against secondary 




[245] Marennikova, S. S. (1962): The use of hyperimmune antivaccinia gamma-globulin for the prevention 
and treatment of smallpox, Bull World Health Organ 27, pp. 325-30. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
13932966
[246] Kempe, C. H.; Berge, T. O. and England, B. (1956): Hyperimmune vaccinal gamma globulin; source, 
evaluation, and use in prophylaxis and therapy, Pediatrics 18 [2], pp. 177-88. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
13349330
[247] Boehm, U.; Klamp, T.; Groot, M. and Howard, J. C. (1997): Cellular responses to interferon-gamma, 
Annu Rev Immunol 15, pp. 749-95. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
9143706
[248] O'Connell, C. J.; Karzon, D. T.; Barron, A. L.; Plaut, M. E. and Ali, V. M. (1964): Progressive Vaccinia 




[249] Ennis, F. A.; Cruz, J.; Demkowicz, W. E., Jr.; Rothman, A. L. and McClain, D. J. (2002): Primary 
induction of human CD8+ cytotoxic T lymphocytes and interferon-gamma-producing T cells after 
smallpox vaccination, J Infect Dis 185 [11], pp. 1657-9. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
12023773
[250] Kennedy, J. S.; Frey, S. E.; Yan, L.; Rothman, A. L.; Cruz, J.; Newman, F. K.; Orphin, L.; Belshe, R. B. 
and Ennis, F. A. (2004): Induction of human T cell-mediated immune responses after primary and 
secondary smallpox vaccination, J Infect Dis 190 [7], pp. 1286-94. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15346340
[251] Rylands, A. B.  (1997): Handbook: Marmosets and Tamarins in Biomedical Research., The 
Callitrichidae: A Biological Overview., DSSD Imagery. 1-2., Salisbury, UK. 
[252] Larsson, A. and Carlander, D. (2003): Oral immunotherapy with yolk antibodies to prevent infections in 




[253] Motoi, Y.; Sato, K.; Hatta, H.; Morimoto, K.; Inoue, S. and Yamada, A. (2005): Production of rabies 
neutralizing antibody in hen's eggs using a part of the G protein expressed in Escherichia coli, Vaccine 
23 [23], pp. 3026-32. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
15811649
[254] Nilsson, E.; Kollberg, H.; Johannesson, M.; Wejaker, P. E.; Carlander, D. and Larsson, A. (2007): More 
than 10 years' continuous oral treatment with specific immunoglobulin Y for the prevention of 
Pseudomonas aeruginosa infections: a case report, J Med Food 10 [2], pp. 375-8. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
17651078
[255] Van Nguyen, S.; Umeda, K.; Yokoyama, H.; Tohya, Y. and Kodama, Y. (2006): Passive protection of 
dogs against clinical disease due to Canine parvovirus-2 by specific antibody from chicken egg yolk, 
Can J Vet Res 70 [1], pp. 62-4. URL: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16548334
Declaration of Authorship 120
Declaration of Authorship 
I certify that the work presented here is, to the best of my knowledge and belief, original and 
the result of my own investigations, except as acknowledged, and has not been submitted, 





 This thesis could not have been done without the help and contribution of many people 
who I want to thank at this point.  
 Manny thanks to Dr. Heinz Ellerbrok for giving me the opportunity to do my PhD 
thesis in his lab and leaving me all the freedom to work. I am grateful to Prof. Georg Pauli
for critical reading of my thesis and whose door was always open. Prof. Detlev H. Krüger
agreed to act as my official supervisor, a job I am more than thankful he accepted without any 
hesitation. Many thanks to him for all the behind-the-scenes efforts made to pave the way for 
my study.
 This work is a result of extensive collaborations with the following people: Many 
thanks to Dr. Christiane Stahl-Hennig and Dr. Kerstin Mätz-Rensig from the German 
Primate Centre and Dr. Yasemin Süzer from the Paul-Ehrlich Institute for their support in all 
animal experiments and pathological investigations. 
 I like to thank all members of the ZBS1 and P11 for their continuing support during my 
stay. Dr. Andreas Nitsche shared his experience in real-time PCR design with me and Dr.
Andreas Kurth his know-how in electron microscopy. Jung-Won Sim-Brandenburg shared
her skillful knowledge on cell culture and serological techniques with me and Delia Barz,
Julia Tesch and Angelina Kuss their experience in sequencing matters. A “big thank you” 
also goes to Ursula Erikli for critically reading of my thesis.  
 Extending to the outside of the laboratory, I would like to show my appreciation to my 
colleagues and friends, especially Janine und Marco Reiche, Conni und David Adlhoch,
Matthias Leisegang and Deljana Toschmakov who always listened to my problems and 
lighted up my 'extracurricular' time in Berlin.  
 I am deeply grateful to my family especially my parents Roland and Marlis, my sister 
Anja and my grandmothers Herta and Lena for their unconditional support throughout my 
life leading to completion of its latest chapter. They always encouraged me to follow my 
interests and supported me not only financially but also mentally. 
 Finally I’d like to express my gratitude to my love Gregor for all the numerous 
stimulating discussions. He gave me the strength I needed when the times were difficult and 
made me laugh in all the times in between. Without him I would not be where I am today as 




Name:    Marit Kramski 
Education and Research Experience 
2005 – now Robert Koch-Institut and Humboldt University, Berlin, Germany 
Orthopox virus research project “Infections of Common Marmosets with 
Calpox Virus: A Model for Smallpox Virus Infections “ leading to doctoral 
degree (PhD equivalent) 
official enrollment: 07.06.2006 
Research project was based on the collaboration between German Primate 
Centre, Göttingen and the Paul-Ehrlich-Institut, Langen; next to the 
experimental work responsibilities included oral and written presentations and 
lectures; teaching of students at the Technical University Berlin in molecular 
diagnostics; organization and leading University practical courses for students; 
supervision of students for practical trainings, student research projects and 
diploma thesis. 
1999-2004 Humboldt University, Berlin, Germany 
Diploma in Biology (MSc. equivalent degree in Biology); specialized in 
Virology, Microbiology, Genetics 
2004 Institute of Virology, Charité Medical School, Robert Koch-Institut, 
Berlin, Germany
Hantavirus research project “Molecular Diagnostics and Epidemiology of 
Hantavirus in Central Europe” leading to Diploma in Biology (Honours thesis)  
2003 Institute for Medical Virology, Zurich, Switzerland 
HIV research project “siRNA mediated downregulation of the Proteins JM4 
and JWA, which interact with the CCR5-Receptor” leading to admittance to 
final examinations 
2002 Internship at the Shands Hospital, University of Florida, Gainsville, USA 
Hypertension research project “Gene expression in response to hypoxia and 
normoxia in rat cardiomyocytes” was accepted by the Humboldt University as 
an equivalent for a module in biochemical techniques 
2000 Max-Delbrück Center for Molecular Medicine (MDC), Berlin, Germany
Research Training 
1992-1999 Gauss- Gymnasium, Frankfurt (Oder), Germany
A-Levels; School with main focus on mathematics and natural science; Abitur: 
Biology, Chemistry, German and History  
Curriculum Vitae 123
Awards 
2008 PEI Travel Grant 
The Paul-Ehrlich-Institut (Institution of the Federal Republic of Germany), 
organizer of the XVIIth International Poxvirus and Iridovirus Conference, 
Grainau, Germany, June 2008, granted a stipend covering conference fees (465 
Euro).
2007  DAAD Travel Stipend 
The Deutsche Akademische Austauschdienst (DAAD) granted a travel stipend 
for the Participation at the Khon Kaen University Public Health Winter School, 
Thailand, February 2007 (1300 Euro). 
2004 Charité Forschungsförderung 
The Institute of Virology and Charité Medical School of the Humboldt 
University granted a three months undergraduate stipend for completing 
research for publication (960 Euro). 
List of Publications 124
List of Publications and Presentations 
Journals  
Kramski M., Mätz-Rensing K., Stahl-Hennig C., Nitsche A., Kaup FJ., Pauli G., Ellerbrok 
H.; Common Marmosets and Calpox Virus: A new Primate Model for Orthopox Virus 
Infections. Manuscript in preparation
Kramski M., Dorz A., Dabrowski W., Ellerbrok H.; Rapid Detection of anti-Vaccinia Virus 
Neutralizing Antibodies. Manuscript in preparation 
Kramski M., Achazi K., Klempa B., Kruger DH.; Nephropathia epidemica with a 6-week 
incubation period after occupational exposure to Puumala hantavirus; J Clin Virol. 2009 Jan; 
44(1): 99-101. Epub 2008 Dec 5; article 
Kramski M., Meisel H., Klempa B., Kruger DH., Pauli G., Nitsche A.; Detection and typing 
of human pathogenic hantaviruses by real-time reverse transcription-PCR and 
pyrosequencing.; Clin Chem. 2007 Nov; 53(11): 1899-905. Epub 2007 Aug 23; article
Conference Contribution 
Kramski M., Mätz-Rensing K., Stahl-Hennig C., Kaup FJ., Pauli G., Ellerbrok H.; New 
World Monkeys and Calpox Virus: A New Model for Orthopox Virus Infections. XVII 
International Poxvirus and Iridovirus Conference 2008, 7-12 June 2008 in Grainau, Germany, 
oral presentation 
 
Kramski M., Mätz-Rensing K., Stahl-Hennig C., Kaup FJ., Pauli G., Ellerbrok H.; A New 
Primate Animal Model for Orthopox Virus Infections. Third European Congress of Virology, 
1-5 September 2007 in Nuremberg, Germany, oral presentation 
 
Meeting report from the Third European Congress of Virology, 1-5 September 2007 in 
Nuremberg, Germany; Eurosurveillance monthly release, 2007 Dec; 12(12); meeting report
Nitsche A., Tesch J., Buwitt U., Kramski M., Pauli G.; Pyrosequencing: A valuable tool in 
virus diagnostics; Third European Congress of Virology, 1-5 September 2007 in Nuremberg, 
Germany; poster presentation 
List of Publications 125
Kramski M., Mätz-Rensing K., Stahl-Hennig C., Kaup FJ., Pauli G., Ellerbrok H.; A Primate 
Animal Model for Orthopox Virus Infections.; International Meeting on Emerging Diseases 
and Surveillance, February 2007 in Vienna, Austria; poster presentation 
Kramski M., Meisel H., Klempa B., Kruger DH., Pauli G., Nitsche A.; Detection and 
quantification of the human pathogenic viruses of the Genus hantaviruses by real-time PCR; 
Annual Meeting of the German Association for Virology, April 2006, Munich, Germany; 
poster presentation
